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ABSTRACT 

Cognitive-motor interference describes the decrement in performance of tasks performed 

concurrently in the cognitive and physical domains. The overall aim of this thesis was to investigate 

the role of vision in cognitive-motor interference during locomotion. A further aim was to investigate 

the interference patterns between the performance domains during locomotion and consider the 

theories of neural reuse and executive functions as components in building a plausible explanation for 

such interference. 10 to 24 participants were recruited for five studies and asked to perform a range 

of physical domain tasks (repeated shuttle walks; continuous walking along a figure-of-eight path; and 

walking onto a public escalator) and cognitive domain tasks (working memory: serial seven 

subtractions and alphabetic recall). These were used to manipulate task demands in the physical and 

cognitive domains. Behavioural performance variables were captured across the physical, cognitive, 

and visual domains using a combination of motion capture, accelerometery, mobile eye-tracking, and 

audio recordings. Key findings showed that a concurrent working memory task caused a ~20% 

reduction in walking velocity. Furthermore, gaze orientation towards the walking path when walking 

at fast pace, decreased from 86% to 45% due to the inclusion of a concurrent working memory task. 

Additionally, gaze behaviours were also vulnerable to interference from an intermittent exogenous 

cue to switch cognitive tasks with gaze oriented towards the walking path for 31% of the task switch 

period compared with 42% for the remainder of the trial. However, during an escalator walking trial 

gaze was not averted from the task relevant areas. Instead, performance in the cognitive domain was 

poorer with a 1.83 second increase in working memory task response intervals during transition onto 

the escalator compared to the performance over the following four intervals. These findings suggest 

vision plays a central role in cognitive-motor interference as an important factor of the locomotor 

system that is especially vulnerable to interference from the cognitive domain. Reduced performance 

in the physical domain with a concurrent cognitive task may even be an adaptation to accommodate 

decrements in visual domain performance. Further, a predominantly one-way interference pattern is 



 ix 

observed where the cognitive domain is resilient to cross-domain interference. However, this 

predominantly one-way interference pattern is reversed where spatial and temporal accuracy is 

required in the walking task resulting in compromised cognitive performance. The theory of Neural 

Reuse and the development of the Executive Functions may provide a framework to predict which 

domains interfere with each other and further research is required to investigate this. The dynamic 

inversion of the direction of cross-domain interference is a particularly interesting finding and more 

research is required to facilitate proper interpretation of this finding due to the large number of 

potential confounding factors in interference direction. 
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CHAPTER: 1 INTRODUCTION 

The ability of humans to multitask is a topic of much popular interest. Sometimes even seen as a virtue, 

the ability of an individual, subgroup of people, or our entire species to multitask is often a matter for 

hot debate. Despite the popular assumption that humans can multitask, more than 100 years of 

research has consistently shown that humans are very poor at performing multiple complex tasks 

concurrently (Pashler, 1994). In a very early example from the nineteenth century, astronomers 

attributed inconsistencies in recorded measurements to their inability to visually attend to passing 

stars whilst simultaneously monitoring time with the sound of a ticking clock (Kahneman, 1973). Since 

the 1950s intensifying research interest has resulted in a more detailed view of our difficulties with 

multitasking (Cherry, 1953). For much of this period of time it has been assumed that the most natural 

of tasks, such as locomotion, are not cognitively demanding and therefore will not suffer interference 

from other tasks performed simultaneously such as talking (Woollacott & Shumway-Cook, 2002). 

However, recent research has challenged this assumption. For example, frail elderly patients with mild 

cognitive impairments have difficulty walking and talking simultaneously and subsequently appear to 

be at a greater risk of a fall than other older adults (Lundin-olsson, Nyberg, & Gustafson, 1997). 

Moreover, healthy young people also appear to demonstrate a reduction in measures of walking 

performance when performing a simultaneous cognitive task (Al-Yahya et al., 2011). 

In daily life each of us must safely navigate through physical environments that are often cluttered, 

busy with other people, or contain other risks such as traffic, escalators, and slip or trip hazards. As 

we negotiate these physical environments, we may engage with a range of cognitive activity stemming 

from social interaction (Dicks et al., 2016), wayfinding (Yesiltepe et al., 2021) or memory (Fawver et 

al., 2014). Despite much research into cognitive-motor interference, interference between the 

cognitive domain and motor performance in the physical domain, an understanding of the underlying 

mechanism for this interference remains elusive. Neuroscience studies have revealed regions of brain 

activity that appear to be common to high cognitive demand tasks, such as serial seven subtractions, 
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and walking (Al-Yahya, Mahmoud, Meester, Esser, & Dawes, 2019) but these studies are limited in 

their generalizability to daily settings due to, for example, the technological limitations of 

neuroimaging techniques (Al-Yahya et al., 2011; Bürki et al., 2017). Therefore, behavioural evidence 

remains valuable when building an understanding of cognitive-motor interference and patterns of 

interference between the many performance domains. When investigating the locomotor system, it 

is important to consider the whole range of factors that contribute to successful locomotion, such as 

the physical, cognitive, and visual domains. Visual perception is an especially important factor in 

successful locomotion as sight is the only sense by which we can gain detailed information about the 

near and distant environment (Patla, 1997). The coupling of visual perception and movement reduces 

uncertainty about our environment and affords us the opportunity to anticipate upcoming 

environmental challenges and adapt to changes in terrain and surface type (Gibson, 1979; Matthis, 

Yates, & Hayhoe, 2018). However, emerging evidence has highlighted that gaze behaviours are also 

vulnerable to interference from cognitive factors (Abeles & Yuval-Greenberg, 2017; Ellmers, Cocks, 

Doumas, Williams, & Young, 2016), thus potentially reducing environmental information picked up for 

subsequent route planning. For example, Ellmers et al. (2016) demonstrated that when healthy young 

adults carried out a secondary serial subtraction task whilst walking, they fixated on task-irrelevant 

areas 'outside' of a walking path more often and for longer durations of time in comparison with a 

non-secondary task condition. Therefore, as vision is such an important factor in successful 

locomotion, future research should seek to understand the role that vision may play in cognitive-

motor interference and the vulnerability of vision to interference from the other domains. Factors in 

the physical, cognitive, and visual domains have typically been studied in a siloed fashion in a range of 

research fields. As such, dual-task research has tended to produce findings about interference 

patterns between pairs of factors (Al-Yahya et al., 2011) but there is little research across multiple 

domains. A fully holistic approach to the study of cognitive-motor interference is an ambitious goal. 

However, pertinent questions remain unanswered in the literature that may be tackled by studying 

interference effects within several domains concurrently. The initial observations of Ellmers et al. 
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(2016) aside, it is unknown if cognitive tasks interfere with gaze behaviours during continuous 

locomotion and whether any altered gaze behaviours cause changes in gait characteristics. For 

example, the extent to which visual perception during locomotion may carry a cognitive burden that 

reduces cognitive capacity available for other tasks is unknown. Therefore, understanding the role of 

visual perception in cognitive-motor interference adds a new dimension to enquiry in this area. As 

emerging literature points to the possibility that visual perception and locomotion are both vulnerable 

to interference from cognitive tasks (Ellmers et al., 2016), and visual perception is so central to 

locomotor performance (Higuchi, 2013), it is easy to appreciate the importance of understanding the 

ways that all of the factors of the locomotor system may interfere with each other. The inclusion of 

study of the visual domain, alongside biomechanics in the physical domain and brain function in the 

cognitive domain is a step towards informing a new understanding of cognitive-motor interference. 

Current models of cognition and motor control inform the understanding of cognitive-motor 

interference but fall short of providing a satisfactory explanation of the phenomenon. Cognitive 

processes appear to be central to the interference between the factors of the locomotor system. 

Models of attention (Posner, 1980a) and information processing (Pashler & Johnston, 1998) from the 

field of cognitive psychology have relevance to the phenomenon of cognitive-motor interference. 

Similarly, models of memory and a growing understanding of the executive functions from a 

neuroscience perspective have overlapping features that are especially pertinent to this cognitive-

motor interference. For example, Baddeley’s (1992) multicomponent model of working memory along 

with broader theories of the executive functions such as those described by Diamond (2013) allow for 

description of cognitive processes which is necessary for study of cognitive-motor interference. 

However, such theories cannot predominantly aim to describe collections of functions and often 

interactions between functions within a performance domain. Newer theories of the reuse of neural 

structures such as the theory of Neural Reuse described by Anderson (2010) may provide an empirical 

basis and rationale for understanding the behavioural evidence of interference described across 
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multiple performance domains. These perspectives will be considered in working towards an 

understanding of the phenomenon of cognitive-motor interference. 

1.1 Overall aim 

The overall aim of this thesis is to investigate the role of vision in cognitive-motor interference during 

locomotion. A further aim is to investigate the interference patterns between the performance 

domains during locomotion and consider the utility of the theories of neural reuse and the executive 

functions as plausible explanations for such interference. 

1.2 Structure of this thesis 

This thesis comprises eight chapters and contains five empirical studies. Following this first 

introduction chapter, Chapter: 2 reviews relevant literature from a range of research fields concerning 

multitasking interference across the physical, cognitive, and visual domains. This chapter also 

discusses the relevant theoretical perspectives that may inform interpretation of cognitive-motor 

interference findings and considers Neural Reuse as a theory with potential utility in understanding 

the interference pattern between locomotion, vision, and the executive function of working memory. 

Chapter: 3 aims to investigate the relative interference effects of a cognitive (working 

memory) task and a simulated physical impairment on walking performance using two experiments. 

This chapter has an intentionally broad scope and tasks including collision avoidance capture 

interference behaviours that set the direction of investigations for the remainder of the thesis. The 

first experiment compares the interference effects whilst walking with a concurrent working memory 

task, walking with a simulated physical impairment, and walking with both a concurrent working 

memory task and simulated physical impairment. The second experiment investigates whether a 

concurrent working memory task affects pedestrian collision avoidance behaviours when walking with 

a simulated physical impairment. Both experiments utilised a shuttle-walking path design. This chapter 

finds reduced walking velocity both due to the concurrent working memory task and the physical 
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impairment suit. This chapter also finds the cognitive domain to be resilient to cross-domain 

interference except during pedestrian collision avoidance where decrements were seen in both 

cognitive domain performance and physical domain performance. The findings presented in this 

chapter provide behavioural evidence of the domain-specific contributions to cognitive-motor 

interference. These findings also form the basis of the need to record eye movements in subsequent 

chapters. This behavioural evidence provide a strong rationale for the need for holistic investigation 

of cognitive-motor interference across multiple domains, including the visual domain. The findings 

also raise questions of the effects of discontinuous walking tasks and provoke the investigation of 

continuous overground walking in the chapters that follow. 

Chapter: 4 aims to quantify cognitive-motor interference effects during continuous 

overground walking. Following the experiments of Chapter: 3, this chapter investigates whether the 

location of gaze is different with and without a concurrent working memory task. This chapter also 

quantifies interference effects in the physical and cognitive domains. This chapter finds gaze 

behaviours during continuous overground walking to be vulnerable to interference from concurrent 

working memory tasks but performance in the cognitive domain remains resilient to cross-domain 

interference. The findings of this chapter provide the first evidence of the effect of cognitive-motor 

interference upon gaze behaviours during continuous overground walking and therefore introduces 

the possibility of vision playing a central role in the phenomenon of cognitive-motor interference. 

Following the disrupted gait findings of Chapter: 3, this chapter also investigates the effect of 

maximising performance across the performance variables. The findings provoked questions of the 

temporal relationship between changes in cognitive demand and interference effects in the physical 

and visual domains. 

Chapter: 5 investigates the effect of an additional intermittent cognitive task on performance 

across the physical, cognitive, and visual domains. This chapter uses the same continuous overground 

walking task as Chapter: 4 and an externally provoked secondary task in the cognitive domain is 
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intermittently switched to during the walking task. This chapter finds that an intermittent exogenous 

cue to switch cognitive tasks has an additional and transient interfering effect upon gaze behaviours. 

The findings of this chapter demonstrate that cognitive-motor interference can be externally 

provoked, and the findings describe aspects of the temporal relationship between the presentation of 

a cognitive task and the effect of performing two cognitive tasks during locomotion. In this chapter 

the walking task was simple, and the cognitive tasks were demanding and multiple. Therefore, the 

findings raise questions about the effects of a more spatially and temporally demanding walking task.  

Chapter: 6 compares two methods of analysis of eye-tracker data to assess their suitability for 

a targeted stepping study with multiple areas of interest with the goal of providing a time-efficient 

method of gaze analysis. The comparison of frame-by-frame analysis and the faster fixation-by-

fixation analysis informs the choice of analysis method for Chapter: 7 and also provides valuable 

information for people considering use of velocity threshold filter for fixation-by-fixation method of 

analysis for locomotion tasks that require ground level spatial and temporal accuracy. This chapter 

finds the fixation-by-fixation method of analysis to be unsuitable for the targeting stepping study 

proposed. 

Chapter: 7 responds to the questions raised in Chapter: 5 by investigating gaze behaviours 

during a more complex locomotion task of stepping onto an escalator in a public space that requires 

spatial and temporal accuracy. This chapter expands upon the methods of previous chapters by 

including five pertinent areas of interest for analysis of gaze behaviours during cognitive-motor 

interference. As in previous chapters, performance in the cognitive domain was also measured. This 

chapter finds that the visual domain did not suffer interference during this locomotor task that 

required spatial and temporal accuracy. The established interference pattern between the cognitive 

and visual domains was reversed and interference was found only in cognitive domain performance.  

The findings reveal important characteristics of the multi-domain cognitive-motor interference 

pattern during a real-world walking task. 
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Chapter: 8 summarises and interprets the findings of this thesis. In particular, it describes a 

predominantly one-way cross-domain interference pattern where the cognitive domain remains 

resilient to interference which is seen in the visual and physical domains. However, the direction of 

this interference was reversed where spatial and temporal accuracy were required, resulting in 

impaired performance in the cognitive domain. Due to its vulnerability to interference from the 

cognitive domain and its importance for locomotor performance, vision is likely to play a central role 

in cognitive-motor interference during locomotion. 

1.3 Thesis research questions 

As the term cognitive-motor interference suggests, much of the focus in this field is upon interference 

between the cognitive and physical performance domains. The question arises of the interference 

effect between these and other performance domains. The domain of vision is particularly notable 

due to its importance for locomotion and the limited existing evidence of interference with the 

cognitive domain. Therefore, the first research question for this thesis is what is the role of vision in 

cognitive-motor interference and is the visual domain susceptible to interference from the other 

performance domains? The second research question of this thesis concerns the extent to which a 

task in one domain can impact upon performance in other domains; do all domains interfere with 

each other and, if not, which domains interfere with which? Finally, is the direction of interference 

between two or more interfering domains constant and, if not, under what circumstances does the 

direction of interference reverse? 
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CHAPTER: 2 LITERATURE REVIEW 

Many decades of research into human bipedal locomotion has provided insight into the ways that 

biomechanical, cognitive, and visual factors contribute to successful locomotor control (Al-Yahya et 

al., 2011; Grillner & El Manira, 2020; Patla, 1997). Although these factors have previously been 

studied in a siloed fashion within each discipline, a multidisciplinary approach to the understanding 

of locomotion has become increasingly common in recent decades especially in the research area of 

ageing (Al-Yahya et al., 2011; Srivastava, Ahmad, Pacia, Hallett, & Lungu, 2018; Uiga, Cheng, Wilson, 

Masters, & Capio, 2015; Yogev-Seligmann, Hausdorff, & Giladi, 2008). 

In a seminal publication, Lundin-Olsson and colleagues (Lundin-Olsson, Nyberg, & Gustafson, 1997) 

noted that some frail elderly patients in a residential care home often stopped walking when engaged 

in conversation. In a subsequent observational study, 58 residents were monitored as they walked 

accompanied from their home to an assessment room. Twelve patients stopped walking when 

engaged in conversation and, during a 6-month follow-up, 10 of the 12 patients fell. Since this 

observation, research from a range of fields has started to produce an understanding of the 

relationships between different factors of the locomotor system, demonstrating that cognitive and 

biomechanical factors, for instance, can impact upon one another, affecting overall task performance 

(Al-Yahya et al., 2011; Montero-Odasso et al., 2014; Yogev-Seligmann et al., 2008). To understand the 

interactions between all of the factors that contribute to cognitive-motor interference, a holistic, 

multidisciplinary approach may be necessary to accommodate extant findings and enhance 

understanding. 

This Chapter will aim to draw together research from a variety of fields that demonstrate interference 

between factors of the locomotor system, draw tentative conclusions about multitasking limitations 

of the locomotor system from this holistic viewpoint, and consider theoretical perspectives that may 

illuminate disparate research findings. I will begin by providing an overview of the ways that 

biomechanical, cognitive, and visual factors have been purported to facilitate locomotion. Within each 
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section I will discuss and evaluate the research evidence, which has highlighted ways that each 

respective factor (e.g., visual) can interfere with other factors (e.g., cognitive and biomechanical) in 

the locomotor system (Ellmers et al., 2016). Finally, this Chapter will consider interactions between all 

of the locomotor factors discussed in the context of Anderson’s (2014) theory of neural reuse as one 

that may explain interference between factors and also raises questions about interference patterns 

between the performance domains.  

2.1 Facilitative and interfering factors involved in human bipedal locomotion: biomechanical, 

cognitive, and visual. 

2.1.1 Biomechanical factors in the locomotor system (the physical domain). 

Biomechanical factors, including the neural networks associated with propulsion, have been proposed 

to form the fundamentals of the human locomotor system (Rossignol, Dubuc, Gossard, & Dubuc, 

2006). The basic movement pattern of human locomotion, with the distinctive upright bipedal gait, 

thoracic counter rotation, and arm swing is thought to have evolved from the opposing fore-limb and 

hind-limb coordination of quadrupedal locomotion movement patterns of distant evolutionary 

ancestors (Dietz & Michel, 2009). Whilst locomotion is voluntary, it has been suggested that the 

detailed pattern of muscle activation does not require attention (Paul, Ada, & Canning, 2005). In fact, 

mammals are capable of coordinated stepping movements even when the spinal cord and dorsal roots 

are severed, meaning that stepping movements are possible in the absence of both efferent and 

afferent signals, as muscle contractions and stepping actions have both been documented in humans 

with complete and incomplete spinal transections (Brown, 1911; Bussel et al., 1988; Calancie et al., 

1994). The different forms of human bipedal locomotion, namely running and walking, are in some 

ways mechanically different (Mann & Hagy, 1980). However, both are characterized by cyclical 

movements, and are thought not to be coordinated in the cerebrum but by specialist networks of 

neurons that exist in the brainstem and spinal cord (Grillner, 1975; Grillner & El Manira, 2020). 

Commonly referred to as central pattern generators, the specialised neural networks are proposed to 
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act in concert with the Golgi tendon organs and other structures, their function to coordinate the 

timing and control of joint actions, which underpin stepping movements (Figure 2-1) (Rossignol et al., 

2006). 

 

Figure 2-1. A schematic of the central pattern generator (CPG) in coordinating cyclical locomotor 

activity in concert with cutaneous and proprioceptive afferents, and efferents from the brainstem 

(Rossignol et al., 2006). 
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Central pattern generators and associated musculoskeletal and neuroanatomy integrate together in 

a process that regulates the steps required for locomotion, which for humans is efficient at 

submaximal speed (Bramble & Lieberman, 2004; Grillner & El Manira, 2020). The human 

musculoskeletal system is thought to have evolved to exploit these processes, facilitating sustainable 

locomotion over long periods of time, by storing elastic energy from the braking phase of the gait cycle 

for reuse in the propulsion phase, which may have conferred an evolutionary advantage in terms of 

hunting or injury reduction (Bramble & Lieberman, 2004; Grillner & El Manira, 2020; Lieberman, 2012). 

Moreover, recent evidence also suggests that the manner in which visual information is exploited 

during the control of walking further facilitates the energy efficiency of locomotion. For example, as 

will be elaborated in the visual factors section of this Chapter (Section 2.1.3), in a study examining the 

visual control of locomotion over terrain of differing complexity, Matthis and Fajen (2012) found that 

when walking over rough terrain, visual information is exploited prospectively in as little as two steps 

ahead, to facilitate the adaptation of gait biomechanics that sustains energy efficiency as close as 

possible to that of walking on flat terrain (see also, Matthis et al., 2018). 

Although biomechanical factors facilitate successful locomotor adaptation, the overall function of 

structures is vulnerable to compromise throughout the lifespan due to injury and especially to disease 

and the ageing process (Hausdorff & Alexander, 2005). Perhaps more surprisingly, biomechanical 

performance has also been shown to suffer from interference from other factors in the locomotor 

system, such as cognitive factors, even in the absence of disease (Al-Yahya et al., 2011). By way of 

example, Salmon and Thomson (2007) investigated the effects of simultaneous word recall task on 

muscular control in a group of healthy young adults. Their results revealed a reduction in maximal 

muscular force production in the upper limbs during maximal contraction when participants were 

asked to simultaneously perform the word recall task. Similarly, research using electromyography 

measures has found that the rate and variability of tonic discharge of single motor units is reduced 

during submaximal isometric contraction when participants are asked to complete concurrent serial 

seven arithmetic subtractions (Bensoussan, Duclos, & Rossi-Durand, 2012). This finding suggests that 
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the control of motor units is impaired in the presence of simultaneous cognitive tasks. In the lower 

limbs, submaximal muscular force is more variable, fluctuating in both younger and older adults when 

performing a simultaneous arithmetic task (Vanden Noven et al., 2014). Moreover, the performance 

of cognitive tasks and cognitive decline compromise other components of locomotion such as postural 

stability and gait regularity (Brauer, Woollacott, & Shumway-Cook, 2001; Faulkner et al., 2007; Iersel, 

Kessels, Bloem, Verbeek, & Olde Rikkert, 2008; Woollacott & Shumway-Cook, 2002).  

2.1.2 Cognitive factors in the locomotor system 

Cognition is proposed to be an important factor in the performance of locomotor system tasks ranging 

from route-planning to the active monitoring of a dynamic environment and decision-making (Cinelli 

& Patla, 2007, 2008; Patla, 1997; Patla & Vickers, 2003). However, cognitive factors appear to affect 

even basic walking performance. Since the seminal observation of Lundin-Olsson et al. (1997) that 

some frail older adults stop walking when talking, a substantial body of research has emerged 

investigating many of the factors that contribute to interference between cognitive tasks and walking 

(for a review, see Al-Yahya et al., 2011). In particular, of all of the factors in the domain of cognition 

that are proposed to contribute to locomotion, changes in executive function appear to be notably 

associated with changes in gait throughout the lifespan (Yogev-Seligmann et al., 2008).  

Executive Functions (Miyake et al., 2000) is the collective name for cognitive functions which are 

proposed to regulate cognition and action, and are associated with activity in the prefrontal cortex 

(Miyake & Friedman, 2012). Diamond (2013) described executive functions as being effortful: “it is 

easier to continue doing what you have been doing than to change, it is easier to give in to temptation 

than to resist it, and it is easier to go on ‘automatic pilot’ than to consider what to do next” (Diamond, 

2013, p. 1). In particular, Diamond described three ‘core’ Executive Functions as follows: Inhibitory 

Control (to control attention and over-ride impulse), Working Memory (to temporarily store and 

manipulate information), and Cognitive Flexibility (to imagine other perspectives and deactivate 

previously held perspectives whether spatial, interpersonal, or conceptual). Similarly, Miyake and 



 13 

Friedman (2012) defined the components of executive functions as Inhibition, Updating, and Shifting 

and these terms are broadly compatible with the three functions described by Diamond (Miyake & 

Friedman, 2012). Working Memory, or Updating in Miyake and Friedman’s nomenclature, has a broad 

functional overlap with the account of Working Memory provided by Baddeley as a short term 

memory store for the manipulation of information (A. Baddeley, 2010). 

In the meta-analytic review of the interfering effects of gait and cognition, when discussing the 

interfering effects of tasks in different subdomains of cognition, Al-Yahya and colleagues (2011) noted 

that working memory tasks appear to disturb gait performance more than other types of concurrent 

tasks such as reaction time. Indeed, as a reflection of such findings, mental arithmetic tasks such as 

serial seven subtraction, are now in widespread use in the literature investigating the relationship 

between cognition and locomotion (for a recent review, see Li et al., 2018). 

The growing understanding of the relationship between the executive functions and locomotion has 

facilitated an improved understanding of cognitive impairments associated with ageing. For example, 

signature patterns in gait kinematics including reduced walking velocity and increased stride time 

variability have been posited as having diagnostic power in the subtyping of cognitive impairments 

(Montero-Odasso et al., 2014). Further, the review of Al-Yahya et al. (2011) highlighted a reduction in 

walking speed, reduced cadence, increased stride length, and increased stride time variability under 

dual-task conditions. In addition to studies of older adults (Montero-Odasso et al., 2014), experiments 

with young healthy adults have also revealed cognitive-motor interference while walking (Bloem, 

Grimbergen, van Dijk, & Munneke, 2006; Fraser, Li, DeMont, & Penhune, 2007). Collectively, such 

evidence suggests that interference between components of the locomotor system may be a 

characteristic of the system rather than solely a product of age-related disease. 

As discussed, stepping movements in humans and fully coordinated gait patterns in quadruped 

mammals have both been documented in the absence of efferent signals from the cerebrum (Brown, 

1911; Bussel et al., 1988; Calancie et al., 1994). If coordination of such movements is possible without 
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efferent signals from the cerebrum, this raises the question of why cognitive activity in general and 

executive functions specifically should interfere with walking performance. Indeed, it may even be 

expected that the working memory aspect of executive function would have minimal interference 

with the control of locomotion (Ellmers et al., 2016). Working memory has been conceptualised as an 

active short term memory store, that underpins the manipulation of verbal, visual, and episodic 

information (A. Baddeley, 2010). Therefore, it is counterintuitive that concurrent performance of a 

mental arithmetic task, for example, should interfere with walking, as one may expect locomotion to 

only place visuospatial demands upon working memory. This is especially true given the thorough 

account of neuromuscular control of walking where the structures proposed to coordinate locomotion 

are located in the peripheral nervous system or caudal to the cerebrum in the central nervous system 

(Grillner & El Manira, 2020).  

Following findings of a close relationship between locomotion and working memory, there has been 

much research examining the potentially shared neuroanatomy between locomotor control and 

executive functions (e.g., Tian et al., 2021). With present technology there are, of course, 

methodological problems with identifying regions of the brain that are activated by both executive 

functions and locomotion by fMRI due to the extreme movement limitations of the fMRI scanner. 

However, through the use of innovative research paradigms, there is an indication that tasks in these 

two domains may share neuroanatomy. In a dual-task experiment conducted by Bürki et al (2017), 

participants performed a mental arithmetic task and stepping actions in an fMRI scanner. Findings 

suggested that the superior parietal lobe (SPL), associated with spatial orientation and visual input 

amongst others (Berlucchi & Vallar, 2018),  may play a role as a ‘bottleneck’ in cognitive-motor 

interference. Specifically, participants exhibiting lower stepping speed and executive control were 

found to activate SPL to a larger degree during dual task conditions in order to compensate for lower 

cognitive control. Further, several reviews have reported activation of the prefrontal cortex as being 

associated with both executive function and walking (Aron, 2008; Gilbert & Burgess, 2008; Dennis 

Hamacher, Herold, Wiegel, Hamacher, & Schega, 2015). There is also evidence that activity in the 
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prefrontal cortex increases with age to compensate for biomechanical limitations during walking as 

reduced executive function capacity appears to limit the ability to overcome biomechanical 

limitations, resulting in gait impairments (Nóbrega-Sousa et al., 2020). 

As has been considered in the literature summarised thus far, evidence indicates that the relationship 

between cognitive and walking performance may be bi-directional (Al-Yahya et al., 2011). Specifically, 

evidence suggests that walking can also negatively affect performance of concurrently performed 

cognitive tasks, including working memory tasks, in both young and old participants (Srygley, 

Mirelman, Herman, Giladi, & Hausdorff, 2009; Szturm et al., 2013). Cognition is therefore both an 

important facilitative, but in certain circumstances, also an interfering function in the locomotor 

system (Al-Yahya et al., 2011; Yogev-Seligmann et al., 2008). Further, this interference within the 

locomotor system is a two-way interaction that may affect cognitive performance and it likely to exist 

in healthy and diseased populations (Al-Yahya et al., 2011; Srygley et al., 2009; Szturm et al., 2013). 

2.1.3 Visual factors in the locomotor system 

Vision is the means by which we gain information about our near and distant environment, also 

providing information about our orientation and posture (Lee, 1980), which facilitates the planning of 

routes as well as the modification of individual steps (Higuchi, 2013; Patla, 1997). For example, as 

highlighted in Figure 2-2, limited abstract optic flow patterns in the central and peripheral visual field 

in the absence of other congruent sensory information, such as vestibular or tactile information, can 

influence posture during continuous treadmill walking (Bardy, Warren, & Kay, 1999). Subtle 

differences in gaze patterns can affect walking position on a walking path (Wilkie & Wann, 2003), 

facilitating successful walking through environmental hazards such as automatic doors (Cinelli, Patla, 

& Allard, 2009). Moreover, during a simulated pedestrian crossing participants have been found to 

use visual information and eye contact to avoid a collision with oncoming persons (Dicks, Clashing, 

O’Reilly, & Mills, 2016). Indeed, intervention studies aimed at directing gaze towards stepping targets 
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in cases of maladaptive stepping behaviour, such as with older populations, have been shown to 

improve stepping accuracy (Young & Hollands, 2010). 

 

 

Figure 2-2. Types of patterns presented to participants via a display located either centrally or 

peripherally from altered posture during locomotion (Bardy et al., 1999). 

Investigation into the location and timing of gaze fixations in relation to environmental features 

reveals a tight coupling of gaze and stepping behaviours. For example, Cinelli et al. (2009) studied 
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participants walking along a seven-metre walkway and through a pair of motorised doors. The opening 

of the doors was triggered by the walking participant breaking a light beam but a condition was 

included to reduce the predictability on how these doors would open. In condition A the doors opened 

symmetrically and at the same speed. In condition B, each of the two doors would open at different 

velocities meaning that the location of the aperture became less predictable than in the symmetrical 

velocity condition (Figure 2-3). Gaze behaviours and walking velocity were measured in both 

conditions. 

 

Figure 2-3. A) Both doors move in opposite directions at 21-40 cm/s to produce a maximum aperture 

of 100 cm. B) Doors move in both directions independently at a different rate with the slower door 

moving at 20-38 cm/s and the faster door (two arrows) moving at 40 cm/s making a less predictable 

aperture (Cinelli et al., 2009). 

Results indicated that participants slowed their walking velocity on the approach to the doors in 67% 

of the trials in condition A and 95% of trials in condition B, whilst velocity variability only increased in 
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condition B (Figure 2-4). Fixation duration was longer in condition B than condition A, a finding 

interpreted as suggesting that participants required more time to gain sufficient certainty about the 

movement of the doors in order to facilitate a safe crossing. This possibility would seem to be 

compatible with the reduced walking velocity and increased velocity variability in condition B. Such 

findings demonstrate the necessity for visual information during locomotion and the ability to make 

decisions based upon this information. 

 

Figure 2-4. Walking velocity over time of participants in conditions A & B and average Velocity 

Variability over time. Adapted from (Cinelli et al., 2009). 

In terms of the temporal window of opportunity for action based upon visual information, Patla and 

Vickers (2003) revealed that fixations on a foot target occur two steps ahead of a participant’s current 

position, and the time elapsed from the fixation onset and foot contact with the target is between 800 

- 1,000 milliseconds. Patla and Vickers also reported that the look ahead distance coincided with the 

penultimate double support phase of the step cycle before target contact, suggesting that this may 
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reflect the preferred moment to sample the environment and subsequently alter locomotor behaviour 

in order to step on the target (Patla & Vickers, 2003). The importance of the double support phase for 

adapting prospective control has recently been confirmed in a study conducted by Matthis, Barton, 

and Fajen (2015). These authors used a foot targeting paradigm that dynamically added and removed 

targets in the final phases of the gait cycle before foot contact. Their findings indicated that as long as 

the environment was sampled during the final double support phase or earlier, then further visual 

information was no longer required for accurate stepping (Matthis, Barton, & Fajen, 2015). Thus, if 

information was not exploited prospectively during the double support phase, then this resulted in 

less accurate stepping as there was insufficient time to act on environmental changes. Over several 

studies Matthis and colleagues have subsequently proposed that a synergy between active and 

passive modes of control allows walkers to negotiate complex terrain and confirmed that, for accurate 

foot placement, walkers must have acquired visual information about upcoming targets during a 

critical control phase in the second half of the preceding step (Matthis et al., 2015; Matthis, Barton, & 

Fajen, 2017). 

More recent research conducted by Matthis, Yates and Hayhoe (2018) has further described the 

temporal relationship between gaze behaviours and stepping when walking across different types of 

terrain in a natural, non-urban environment. Participants were found to walk more slowly in medium 

and rough rocky rural terrain than in flat rural terrain (Matthis et al., 2018). Furthermore, the gaze 

look-ahead distance reflected a moving window of two steps in the flat and medium conditions, which 

the authors interpreted as an indication that it may be energetically advantageous to adapt gait two 

steps in advance to avoid the energetically costly exercise of trying to alter gait with one step away 

from a foot target. Indeed, research lends support to the hypothesis that a two-step gaze-placement 

coupling window is efficient and affords the same energy efficiencies as is possible with unlimited 

visual information (Matthis & Fajen, 2012).Understandably, the paths travelled in the rough terrain 

condition were less straight and contained more lateral movement than the other conditions, 

primarily because participants appeared to utilise routes that enabled stability rather than energy 
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efficiency. Finally, the authors noted that despite differences in how many steps people looked ahead, 

the time between visually targeting a step and foot contact was consistent between participants, with 

the step duration averaging 1.5 seconds. Matthis et al. commented that this finding reflected similar 

look ahead times of 1.5 seconds reported in other visual control contexts, such as driving (Land & 

Tatler, 2001). Matthis et al suggest that a 1.5 second planning window may be the result of the 

limitations of working memory capacity (Matthis et al., 2018), which as considered in the previous 

section, has been described as an executive function characterised by brief limited capacity (A. 

Baddeley, 2010). 

In common with the previously cited research into the effects of cognitive-motor interference (Lundin-

Olsson et al., 1997), recent studies have begun to provide insight into the ways that cognitive factors 

may impact upon gaze control. For example, saccadic intrusions – that is, saccades away from a 

location that interrupt fixation durations – have been commonly reported in people with neurological 

disorders (Abadi & Gowen, 2004; Martinez-Conde, 2006). There is also evidence to suggest an 

association between Alzheimer’s Disease, and altered gaze behaviours, particularly with changes in 

saccadic eye movements (Molitor, Ko, & Ally, 2015). Specifically, impaired performance of antisaccade 

tasks, where participants must direct gaze away from a stimulus, is associated with impaired inhibitory 

control and declines in working memory that are common in Alzheimer’s Disease (Molitor et al., 2015). 

Such antisaccade paradigms have been proposed to challenge the ability of the executive function of 

inhibition to limit reflexive saccades that are oriented towards new visual information (Evdokimidis et 

al., 2002). Further, Imaoka and colleagues (Imaoka, Flury, & de Bruin, 2020) have suggested that 

saccadic eye movement measures including calculations of latency, peak velocity, and pupillary 

responses can function as assessment tools of neurodegenerative disease (Imaoka et al., 2020; Molitor 

et al., 2015). Such an innovation may promote altered gaze behaviours as a diagnostic tool for 

neurogenerative disease in much the same way as Montero-Odasso and colleagues have researched 

the diagnostic power of altered gait in mild cognitive impairment (Montero-Odasso et al., 2014). 
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There is also emerging evidence, which suggests that cognitive factors may impact upon gaze control 

in healthy adults. In several experiments, Abeles and Yuval-Greenberg (2017) studied the mental 

arithmetic performance and gaze patterns of participants whilst they viewed some distracting footage 

(i.e., a drifting Gabor patch) that moved at various speeds. Participants were found to avert their gaze 

from the screen more often and for longer periods when the screen contained a faster drifting display 

than a slow moving display (Abeles & Yuval-Greenberg, 2017). Gaze aversion behaviours were also 

positively correlated with the difficulty of the experimental conditions with the high cognitive load 

conditions resulting in more gaze aversion behaviour. This research suggests that gaze behaviours may 

be altered to preserve cognitive function where there is potential for interference between the 

executive function – in this case, the working memory task of mental arithmetic – and the viewing of 

a distracting visual display. 

Comparable to the findings of Abeles and Yuval-Greenberg (2017), gaze aversion behaviours due to 

interference from cognitive factors have also been reported during locomotion in a recent study by 

Ellmers et al. (2016). Ellmers and colleagues studied the accuracy of serial seven subtractions 

performed by participants whilst they walked over a short walking track that included intermittent 

foot targets. Despite the requirement to walk along the marked track and step on the foot targets, 

participants were found to orient their gaze away from the track more frequently under dual-task 

conditions, which was associated with a reduction in stepping accuracy and increased time to walk 

along the marked track. The increased time to complete the course was in accordance with the 

previously cited literature on cognitive-motor interference (Al-Yahya et al., 2011). In addition, 

participants spent more time with gaze oriented away from the task-relevant areas of the walking 

track in the 10 video frames (30 Hz) before verbalisation of the numbers than they did in the 11-20 

frames post-verbalisation. Assuming that demand upon working memory function is greatest during 

mental calculation time, before verbalisation, this suggests a close temporal link between working 

memory load and gaze aversion. The collective findings of Ellmers et al. (2016) and Abeles and Yuval-

Greenberg (2017) indicate that gaze patterns are liable to change during dual-task conditions, in a 
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manner comparable to the two-way interference between cognitive factors and gait. Particularly 

novel is the finding of Ellmers and colleagues that gaze control, executive function, and biomechanical 

factors interact with each other in a manner that can be detrimental to performance in each of these 

factors.  

This section has introduced the roles of biomechanics, cognition, and vision in walking performance 

and also described some ways that the factors in one domain can positively and negatively affect 

resultant performance in another domain. Examples include the faciliatory role of vision in locomotion 

and the interfering role of cognitive tasks on motor-control. These physical, cognitive, and visual 

factors are fundamental to the operation of the locomotor system and interact with one another in a 

way that effects performance outcomes. Therefore, in the following section the potential for 

interference across multiple factors during locomotion will now be considered with reference to 

theoretical perspectives that will inform the experimental studies of cognitive-locomotor interference 

that follow in this thesis. 

2.2 Interactions between the factors of the locomotor system, working memory and theoretical 

perspectives. 

This review of literature has considered how biomechanical, cognitive, and visual factors and their 

interaction are fundamental to the locomotor system, contributing to successful walking 

performance. However, despite the fundamental nature of these factors to the locomotor system, 

section 2.1 presented evidence of interference between two or more factors especially when 

multitasking. This is important as the literature indicates that the control of locomotion requires 

simultaneous performance across each of these factors and, therefore, the potential for interference 

between factors may have implications for the locomotor system as a whole. The central questions 

that arise from the performance interference between all of these factors appear to centre on a need 

to understand the root cause of interference, why experimental tasks associated with working 

memory in particular appear to be so powerfully interfering, and whether a pattern of interference 
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interactions between factors can be recorded and understood. There are several theoretical 

perspectives that may potentially facilitate an understanding of cognitive-motor interference, and 

these will be outlined in the following subsection. 

2.2.1 Attention and information processing theories in dual-task performance limitations 

The study of attention has focussed on examining the importance of effort and performance 

impairments that follow attempts to divide attention between more than one task (Kahneman, 1973). 

Accordingly, concepts of competition for cognitive resources emerged in the literature, where a 

limited attentional capacity was proposed to create a processing ‘bottleneck’ that limits performance 

(Tombu et al., 2011). Prominent among these theorists were Pashler and Johnson (1998) who wrote 

extensively on attentional limitations and dual-task interference. In particular, they described three 

explanations of dual-task interference where impaired performance is due to a processing bottleneck, 

capacity sharing, or crosstalk (Pashler & Johnston, 1998). In the first example, bottleneck, processing 

of tasks is sequential. In this case interference occurs when two tasks require processing at the same 

time, so interference occurs as parallel processing is not possible. In the second example, capacity 

sharing, parallel processing does occur. In this case, whatever neuroanatomy or processes are 

available for handling the tasks, these resources are shared and interference occurs when demand 

exceeds capacity of the resource. More demand in one task leaves less capacity available for another 

task. Finally, the concept of crosstalk describes a situation where the types of content being processed 

are sufficiently similar that crosstalk occurs in processing of these tasks resulting in impaired 

performance.  

It has been long known from previous research that concurrent processing of the same type of 

information results in impaired performance. For example, if the information is presented to the same 

perceptual channels such as two simultaneous audio messages little information is retained from one 

of the two messages (Treisman, 1969). This is also true if the same type of information is presented to 

different perceptual channels. For example, when different streams of numbers presented 
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concurrently in a visual stream and an audio stream recall of these streams is impaired (Kahneman, 

1973). Of these concepts to explain interference, the concept of crosstalk has perhaps been amongst 

the most detailed insofar as it expressly discusses interference in terms of task domain. These 

concepts have all been investigated in terms of shared neuroanatomy (Leone et al., 2017). The results 

of such research are mixed, but the studies do highlight the possibility that a shared neuroanatomy 

rather than shared cognitive processes may be part of the cause of interference. However, the 

possibility of shared cognitive processes has previously been explored in models of working memory 

(A. Baddeley, 2010) and the executive functions (Diamond, 2013; Miyake, Friedman, Rettinger, Shah, 

& Hegarty, 2001).  

2.2.2 Executive functions and working memory 

In recent decades research efforts across a range of disciplines have sought to understand and 

categorise the human cognitive functions and several of these functions have been shown to be 

particularly impactful in cognitive-motor interference. Progress has been made in the fields of 

neuroscience and psychology in the categorisation of cognitive functions and much of the work in this 

area has utilised a dual-task paradigm. Although there is a significant degree of overlap and some 

similar concepts described in each field, consensus has not yet been reached in regard to a model of 

the cognitive functions. The human cognitive functions are commonly collectively referred to as 

Executive Functions and describe control systems that regulate cognition and action and are often 

linked to the prefrontal cortex (Miyake & Friedman, 2012). Diamond (2013) has described Executive 

Functions in terms of processes that require attention or where being automatic or relying upon 

intuition would be ill-advised, insufficient, or impossible by referring to previous executive function 

research and investigations into the effects of damage to, or development of, the prefrontal cortex 

(Burgess & Simons, 2012; Espy, 2004; Miller & Cohen, 2001). Diamond further describes the use of 

Executive Function as being ‘effortful’ and contrasts it with a state of automatic pilot. 
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The lack of consensus within and between fields has been highlighted as leading to failures in the 

application of theoretical and methodological advances from work in one field to another (Snyder, 

Miyake, & Hankin, 2015). However, whilst agreement has not been achieved across the entire scope 

of Executive Functions, there is some commonality in the detail of what has been described within the 

Executive Functions. In the seminal work describing working memory, Baddeley (1992) described a 

multicomponent model comprising the central executive (attentional-controlling system), visuospatial 

sketch pad (for manipulating visual information), and the phonological loop (for storing and rehearsing 

speech-based information). A forth component, the episodic buffer, was later added and this 

component theoretically allowed for information coded or controlled through the other components 

to interact and combine with each other as well as with information from long term memory and 

perceptual information (A. Baddeley, 2010). Dual-task experiments have revealed that working 

memory components have limited capacity and performance is impaired by concurrent load given 

that working memory components have limited capacity and are vulnerable to interference from 

other concurrent tasks of the same type. For example, information in the phonological loop fades 

within around two seconds but can be preserved by internal rehearsal (A. D. Baddeley, Thomson, & 

Buchanan, 1975). However, a secondary task requiring the vocalisation of irrelevant words, will impair 

the processing of a visual stimulus such as a printed word due to interference with language in the 

phonological loop (A. Baddeley, 2010). This model of working memory expressly describes a system 

that is more than just a short term store and is instead a system where information is stored for short 

periods but also, crucially, manipulated towards some goal and the central executive can be seen as a 

control centre of the system, performing such tasks as selective attention and inhibition of attention 

to disruptive stimuli (A. Baddeley, 1996). 

Miyake and Friedman (2012) also defined individual components of executive functions but used the 

concepts of Shifting, Updating, and Inhibition. Shifting describes shifting between different 

operations, or task switching. Updating refers to updating and monitoring of working memory 

representations. Inhibition refers to the inhibition of prepotent information (Miyake et al., 2000). 
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Despite the differences in organisation of the models, there are similarities between Updating and 

Inhibition of the Miyake model and the process of working memory function and the description of 

Inhibition performed by the central executive component of the Baddeley model. In a review, 

Diamond also describes three ‘core’ Executive Functions: Inhibitory Control, Working Memory, and 

Cognitive Flexibility (Diamond, 2013). In common with the previously cited authors, Diamond states 

that working memory involves holding information in mind and mentally manipulating it. Diamond 

acknowledges the two types of working memory, the two slave systems outlined by Baddeley, and 

refers to them as verbal and non-verbal rather than phonological loop and visuospatial sketchpad. 

Helpfully, Diamond gives functional examples of working memory, explaining that working memory is 

necessary for making sense of written or spoken language, doing math in your head, mentally 

reordering items, and incorporating new information into your thinking. Diamond further claims that 

reasoning would not be possible without working memory (Diamond, 2013). 

An in-depth dissection of the various perspectives of Executive Function is beyond the scope of this 

review but can be found within the work of Diamond (2013) and Miyake & Friedman (2012) For this 

review it is sufficient to settle upon a definition of Executive Functions and to define the function that 

relates most to the research being discussed. Despite the lack of consensus upon a model of Executive 

Function this is possible due to the large areas of overlap that have been described. 

The concept of a functional short-term store that is used in the manipulation of information is 

common to the range of models and is usually referred to as working memory. Therefore, the term 

working memory is used to describe such a function in this thesis. This function of working memory is 

a powerful interfering factor in cognitive-motor interference (Al-Yahya et al., 2011).  

The term Executive Functions appears to be commonly used as a collective term for the range of 

functions under executive control except in the Baddeley model where the term Central Executive is 

used to describe a central attentional control system (A. Baddeley, 2010). The term Central Executive, 

as defined by Baddeley, does appear to have a large degree of functional overlap with the concepts 
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described in the literature cited above, particularly with Diamond’s (2013) characterisation of 

executive functions as being top-down and effortful. However, for the purposes of this thesis the 

broader use of the term Executive Functions is sufficient and is adopted in line with Diamond’s 

definition: 

“Executive functions (also called executive control or cognitive control) refer to a family of 

top-down mental processes needed when you have to concentrate and pay attention, when 

going on automatic or relying on instinct would be ill-advised, insufficient, or impossible. Using 

Executive Functions is effortful; it is easier to continue to continue doing what you have been 

doing than to change, it is easier to give in to temptation than to resist it, and it is easier to go 

on ‘automatic pilot’ than to consider what to do next” (Diamond, 2013, p. 1).  

The use of the term working memory in the literature appears to have a high degree of functional 

consensus – working memory as a limited capacity short term memory store for the processing of 

information. This concept is certainly pertinent for the present review of literature and will likely prove 

foundational for the programme of research contained within this thesis. The additional distinctions 

between the verbal working memory (phonological loop) and visual working memory (visuospatial 

sketchpad) are also likely to have particular utility in describing the interference between the factors 

of locomotion due to the visuospatial factors involved in locomotion (Patla, 1997) and the interfering 

effect of memory information manipulation (Al-Yahya et al., 2011). In addition to the theories of 

attention and the progress made in defining the executive functions, other theories cross the 

boundaries between neuroscience and cognitive psychology and may be useful in understanding 

cognitive-motor interference. Among these, the theory of neural reuse in particular may draw upon 

these other perspectives as well as provide a framework to make sense of the findings in the cognitive-

motor interference literature. 

2.2.3 Theory of Neural Reuse 
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As discussed, neural activity across multiple regions of the brain appeared to be shared by the 

considered factors in locomotion (Bürki et al., 2017; Tian et al., 2021). Therefore, in accordance with 

many of the perspectives of dual-task interference described in 2.2.1, one may reasonably expect to 

observe some interference effects in performance between the component domains that contribute 

to the locomotor system. Anderson’s (2010) theory of neural reuse posits that neural structures that 

have evolved or developed for one purpose can be repurposed for additional functions that differ 

from the original function without losing the original functionality. The reuse of structures may occur 

as an evolutionary adaptation or as part of the normal development of the central nervous system. 

Anderson notes that a typical cortical region can be activated by tasks from as many as nine distinct 

domains which, importantly for the present thesis, include action, vision, and mathematics (Anderson, 

2010). Thus, if a single brain region can be activated by functions from such diverse domains due to 

neuroanatomy being repurposed, then it is plausible that the biomechanical, cognitive, and visual 

factors of the locomotor system may draw upon common functions and structures producing 

competition for limited neural resources. In situations with such competition for neural resources one 

might expect interference between multiple factors such as those highlighted in the work of Ellmers 

et al. (2016). Anderson’s theory may therefore be able to provide a plausible basis for interference 

but also predict the extent to which the various factors of the locomotor system may interfere with 

each other. 

Anderson’s (2016) theory makes two predictions that are particularly relevant to cognitive-motor 

interference. Firstly, the theory of neural reuse predicts that regions of the brain that develop earliest 

should be used in progressively more diverse functions throughout development as these structures 

are available for reuse longer. Secondly, the theory predicts that cognitive functions that develop later 

should use more brain regions that are widely scattered than earlier-developing functions because 

there are more neural structures available for reuse (Anderson, 2010, 2016). For example, ‘visual’ 

regions of the occipital lobe are amongst the most functionally diverse in the brain, in other words 

these structures are the most reused to achieve a wider range of functions, and this is likely because 
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they are formed so early in development (Anderson, 2016). Similarly, Anderson (2016) notes that the 

cognitive functions that emerge later in development, such as language functions (Paterson et al., 

2006), utilize more widely scattered brain regions than earlier emerging functions such as vision 

(Gilmore et al., 2007). Indeed, this perspective appears to be supported by previous vision, 

locomotion, and cognitive research in human development. For example, Graven and Browne (2008) 

reported that the structures necessary for vision are developed between 20 weeks’ gestation and 

birth, and whilst vision is possible from birth, colour vision continues developing until around 2 to 3 

months of age with the primary period of visual development completing in the first 2 to 3 years of 

life. As the human infant continues developing vision and perceptual-motor skill from birth, the later 

acquisition of locomotion is thought to feed back to continued improvement in visual attention as well 

as facilitate the later development of working memory and visual working memory  (Anderson et al., 

2013). Therefore, in the context of locomotion, a rough timeline emerges with overlapping milestones 

starting with the first use of vision around the time of birth through the development of postural and 

locomotor reflexes in the first year, standing and bipedal locomotion within the first 18 months 

followed by the continued development of executive function with structures of the prefrontal cortex 

throughout the remainder of childhood and into early adulthood (Diamond, 2002; Piek, 2006). 

Further, developmental studies have found that the dorsolateral prefrontal cortex is essential for the 

development of the executive functions, is used for working memory tasks, and is used in the early 

development of visual working memory (Diamond, 2002; Fiske & Holmboe, 2019). Such research 

findings illustrate a possible timeline of development that may form a framework of expected ‘Reuse’ 

according to the two predictions made by Anderson’s theory (Figure 2-5). This developmental timeline 

of the young human may be used to extrapolate predictions of interference patterns based upon 

Anderson’s theory.  
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Figure 2-5. Relationship between the timing of the development of functions and the Reuse of 

underlying structures as predicted by (Anderson, 2015). The development of these functions do 

not fit neatly into temporally discrete categories as development is continuous through the first 

years of human development. However, the broad chronology presented here is adapted from 

several sources (Aron, 2008; Diamond, 2002; Fiske & Holmboe, 2019; Gilbert & Burgess, 2008; 

Dennis Hamacher et al., 2015). 

When viewed in the context of the theory of neural reuse, the interfering factors of the locomotor 

system described in this Chapter appear to reflect the predictions made by Anderson (2016). In 

particular, the multi-factor findings of Ellmers et al (2016) are less surprising in this context. Indeed, 

one may predict that mental arithmetic and other working memory tasks have the greatest 

interference effect upon other factors of the locomotor system, interfering particularly with vision, in 

the ways described by Ellmers et al. (2016). Such executive function tasks interfere with other factors 

in locomotion not necessarily because the tasks themselves are functionally related as would be 

predicted by Baddeley’s working memory framework (A. Baddeley, 2010; Ellmers et al., 2016). Rather, 

these tasks may interfere with one another because they likely share neural structures. Working 
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memory tasks such as mental arithmetic may be the most disruptive of all because such functions 

arise later in terms of evolution and development (Cragg & Gilmore, 2013) and therefore may exploit 

‘reused’ structures that were originally formed to support other functions such as vision or have been 

previously used for visual working memory as described. It also plausible that the theory of neural 

reuse will be a useful tool in the future study of multitasking interference. The theory makes 

predictions about a hierarchy of functions, structures, and reused structures. If reused structures are 

prone to excess demand and widely distributed functions are prone to creating demand upon 

structures, then the theory may predict patterns of multitasking interference in the locomotor system. 

Such an advance in the understanding of cognitive-motor interference would be of value to wide range 

of research disciplines engaged in research into human locomotion. The behavioural evidence 

provided by the experiments within this thesis will be examined with reference to the context of 

human locomotion. 

2.2.4 What would this mean in practice? 

Using the domains of Vision and Executive Function as an example, the expected interference pattern 

of a visual task upon Executive Function task performance may be as follows. A visual task is likely to 

occupy a small proportion of the necessary structures required for an executive function task since 

the executive function relies on more widely scattered neural structures. If structures are currently in 

use for vision, then some of the capacity to perform the executive function task is unavailable or 

impaired. As these executive functions are expected to rely on widely scattered neural structures then 

the total resource required for executive function performance is not necessarily occupied and the 

impairment suffered may not be absolute. Incidentally, this would also mean that the numerous other 

functions that rely upon these ‘visual’ structures may suffer partially impaired performance if these 

functions are also simultaneously required.  

Conversely, the expected interference pattern of an Executive Function task upon visual performance 

may be as follows. As vision is a function that arises early in development, the visual task is likely to 
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rely primarily upon structures that were developed to support vision rather than to reuse existing 

structures that developed to support other functions. The Executive Function task, as it arises later in 

development, is likely to borrow, reuse, a widely scattered network of neural structures, perhaps 

including those developed to support vision. Therefore, structures that arise early in development to 

support functions such as vision will suffer performance impairment from Executive Function tasks. 

Such structures are also likely to endure competitive demands from all the other functions that arose 

later and seek to ‘Reuse’ structure capacity. Using the interference between visual tasks and executive 

function tasks as an example, this may result in a relatively minor impairment of performance of a task 

requiring the executive functions but the effects on visual functions may be greater if more of the 

necessary neural resource to support vision is occupied. The previously-cited dual-task experiments 

by Abeles and Yuval-Greenberg (2017) measured cognitive performance and gaze behaviours during 

the seated tasks and found gaze was averted from fast-moving more than slow-moving stimuli and 

also found no gaze aversion when the cognitive task was highly undemanding. The authors described 

this gaze aversion behaviour as an ‘active avoidance strategy’ influenced by both the visual stimulus 

and demands of the cognitive task. However, this may also be interpreted through the example of 

neural reuse interference discussed here where the task of the later-emerging executive functions is 

distributed over a widely scattered network of structures, and is therefore relatively preserved, but 

the visual task must compete for the earlier-developing visual structures being ‘borrowed’. One may 

expect such a scenario to result in the kind of interference described by Abeles and Yuval-Greenberg 

(2017). 

These expectations may lead to the conclusion that one would expect the Executive Functions to be 

resilient to interference from a task that uses functions that arise early in development since the 

resource demands of the Executive Functions are distributed across a wider range of structures. 

Perhaps a function that arises early in development, such as vision, is less adaptable to interference 

because it has more specialised resource demands that are not distributed across such a wide range 

of structures. Whether visual tasks suffer greater dual-task costs than executive function tasks is not 
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easy to ascertain from the literature as many studies report only the costs in one domain or do not 

compare the costs between two domains. Indeed, this is also true of walking tasks in the physical 

domain and executive function tasks in the cognitive domain. There have certainly been studies 

demonstrating that cognitive tasks can affect walking performance (Al-Yahya et al., 2011) and studies 

demonstrating that walking can affect cognitive performance (Srygley et al., 2009; Szturm et al., 2013). 

However, a comparison between these domain specific effects would be helpful in evaluating the 

relevance of the theory of neural reuse. In short, where performance in one domain is found to 

interfere with performance in another domain, the theory of Neural Reuse may provide the beginnings 

of a framework by which to interpret cross-domain interference findings.  

The patterns of interference that emerge throughout the chapters within this thesis are therefore 

likely to be informative in terms of assumptions that can be made about the underlying causes of 

cognitive-motor interference during locomotion and also will help in the evaluation of Neural Reuse 

as an appropriate theoretical framework through which to interpret the phenomenon of cognitive-

motor interference.  

It is beyond the scope of this thesis to attempt to prove or disprove Neural Reuse in Cognitive-motor 

interference. However, the following chapters will provide valuable behavioural evidence for an 

understating of Cognitive-motor interference. This may in turn assist in building a cross-domain model 

of multitasking interference that can explain and predict failures of multitasking performance both in 

the laboratory and in everyday settings. Such a framework may be informed by several existing 

theoretical frameworks including Neural Reuse and the Executive Functions. This may be useful in 

understanding which domains interfere with which, but caution should be exercised when 

interpreting the direction of interference and to dynamic changes in direction of interference in 

particular due to the large numbers of confounding factors in prioritisation between domains. 
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2.2.5 Potential confounding variables in resultant domain-specific performance – a word of caution 

on interpretation of the direction of interference patterns. 

In addition to investigating interference effects between multiple domains, this thesis will consider 

the direction of such interference and the circumstances that may influence the direction of 

interference. Consideration of the direction of effects in multiple domains will aid in the understanding 

of the direction of interference between tasks in multiple domains during particular tasks. If one 

knows in advance of an activity that interference across multiple domains is likely to occur, it will also 

be desirable to be anticipate the direction of interference. 

At the end of the book After Phrenology: Neural Reuse and the Interactive Brain, Anderson poses 

some pertinent questions regarding the patterns and directions of interference in between tasks: 

“…why do we generally see bidirectional performance effects (that is, decrements in 

performance in both of the interfering tasks)? Are there cases of unidirectional (or nearly 

unidirectional) cognitive interference? Would a performance decrement primarily in one of 

the two interfering tasks indicate that one is dealing with two tasks that generally use the 

same local network in different configurations with the network unable to switch 

configurations to accommodate the second task?” (M. L. Anderson, 2016, p. 310). 

Early discussion of the cause of dual-task interference was not typically concerned with interference 

between tasks as seemingly unrelated as cognitive and locomotive tasks. However, as we begin to 

consider the interference effects between performance domains, it naturally becomes important to 

attempt to understand the direction of interference between domains. The question of whether a 

one-way or a two-way interference pattern arises and, in particular, the question of whether this 

interference relationship is fixed or whether the direction of interference can change and adapt. This 

subchapter provides an overview of existing theories that contain notion of direction, particularly as 

it relates to task performance. This provides context for discussion around the direction of 
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interference patterns as well as a rationale for caution in interpreting findings relation to the direction 

of interference. The following may act as confounds in the resultant performance across these 

domains and therefore result in errors in interpretations of the direction of interference. 

Research into goal-oriented behaviour and into locomotion itself has produced relevant theoretical 

discourse around locomotion, cognitive processes and the direction of influence. Bottom-up and top-

down processing describes a continuum upon which human behaviour is either stimulated reflexively 

by environmental factors or behaviour which is environmentally provoked and instead originates in 

the brain (Pashler, Johnston, & Ruthruff, 2001, p. 630). Similar distinctions have been drawn elsewhere 

and termed endogenous (central) versus exogenous (peripheral) attentional control (Posner, 1980b) 

and automatic and non-automatic control (Jonides, 1981). Although there may be differences in the 

detail, all these conceptions include the idea of control originating from within rather than reacting to 

environmental factors. As such, these concepts describe a direction of influence along a continuum 

from the central nervous system to the environment. Whether these concepts are useful in 

understanding cross-domain interference during locomotion is unclear. However, such directionality 

in the interface between the brain and the environment may be a potential confounding factor in any 

direction that is observed in the interference between domains.  

More recently in the visual control of action, the distinction has been drawn between on-line control 

and model-based control where the former relies on visual information and the latter on an internal 

world model for interaction with the environment (Zhao & Warren, 2015). This is similar to the top-

down and bottom-up control of behaviour described in the previous paragraph although this concept 

is concerned primarily with the distinction between a ‘live’ visual monitoring of the environment and 

a modelled internal representation of the environment. Research finds that human locomotion is 

predominantly controlled by vision (on-line control) but model-based (off-line) control may be relied 

upon in case such as visual occlusion and this would require a form of spatial memory (Zhao & Warren, 

2015). As working memory includes a visuospatial component (A. Baddeley, 2010), and is powerfully 
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interfering in locomotion generally (Al-Yahya et al., 2011) and in the visual domain during locomotion 

in particular (Ellmers et al., 2016), it is rational to conclude that such off-line control could be a 

confounding factor in the interpretation of the direction of interference between domains where 

visual working memory is required.  

Other factors such as postural control are beyond the scope of investigation for this thesis, but it is 

proper that these factors are considered when interpreting the direction of interference findings. In 

the case of postural control and cognitive factors, interpretations of research exist that seek to explain 

cases where simultaneous cognitive performance and postural control is compromised. An 

established interpretation in Parkinson’s Disease research of the decrement in task performance in at 

least one domain when cognitive tasks are performed concurrently with postural tasks is that 

participants adopt either a ‘posture first’ or a ‘posture second’ strategy and this prioritization is 

associated with falls risk (Bloem, Grimbergen, van Dijk, & Munneke, 2006). As with interference 

between the other domains detailed in the present review, prioritization of performance in one 

domain over another is presumably only necessary if performance above a particular threshold in both 

domains simultaneously is impossible. However, the direction of interference, or to put it another 

way, the prioritization of performance in one domain at the expense of another, requires explanation. 

The posture first/second concept suggests that the direction of interference may be an adaptive or 

maladaptive hierarchy between interfering domains. Indeed, in an early article describing the posture 

first strategy, researchers studied healthy young adults, older adults, and older adults with a history 

of falls and found that the healthy groups preserved cognitive performance at the expense of postural 

stability when cognitive tasks and postural stability tasks were performed concurrently (Shumway-

Cook, Woollacott, Kerns, & Baldwin, 1997). In this study older participants suffered a greater 

decrement in postural stability than younger participants with older fallers the most likely to adopt a 

posture second strategy. The fact of interference between the cognitive and postural, domain is clear 

in the literature, but the direction of interference requires further research. The direction of 

interference between these domains, posture first or posture second, may similarly be a feature of 
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shared functional or neuroanatomy, but it appears possible that the direction of interference may also 

be a personal choice or the result of other factors such as anxiety. Indeed, previous research has found 

that anxiety due to an acquired fear of falling (Ellmers, Maslivec, & Young, 2020; Young & Hollands, 

2012) or due to the height of a raised pathway (Ellmers & Young, 2019) can interfere with postural 

control and gaze behaviours. Interference between cognitive and posture has been described in terms 

of divided attention (Siu, Chou, Mayr, van Donkelaar, & Woollacott, 2009; Woollacott & Shumway-

Cook, 2002). The locus and diversion of attention (Chow, Ellmers, Young, Mak, & Wong, 2019) as an 

explanation is intuitively appealing, especially in the context of the use of the executive functions 

being effortful (Diamond, 2013, p. 1) and resources being flexibly reallocated to prioritize posture or 

cognition. Such findings demonstrate the difficulty in teasing apart potentially multiple confounds in 

the origin of cross-domain interference. Multiple perspectives provide plausible rationales for the 

direction of interference or domain prioritisation observed. Therefore, the potential confounding 

factors for the cause of the direction of interference may include, personal preference, structural 

tendency, anxiety, hierarchy of processing, and others. If interference is found to be directional, or 

the direction dynamically shifts, then caution must be adopted in the interpretation of such directional 

findings. 

2.3 Conclusion 

This review of literature has considered some of the biomechanical, visual, and cognitive factors 

involved in the locomotor system. Whilst these factors are fundamental and facilitate effective 

locomotion, the association between factors appears to be such that bidirectional interference may 

occur between the performance of two or more factors. The emerging view of the locomotor system 

is therefore one of a multitasking system with limited multitasking capacity. Executive function 

demands in general, and working memory demands in particular, appear to be especially disruptive 

to other factors such as gait and vision (Abeles & Yuval-Greenberg, 2017; Ellmers et al., 2016). 

Anderson’s theory of neural reuse (2010) illuminates all of these findings by invoking the concept of 
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shared neural structures that may explain both the interference between functions and also explain 

the particular potency of executive functions in interfering with other factors in the locomotor system. 

Anderson has stated that ‘in the brain, connectivity is king’ (Anderson, 2016, p.3). The evidence in the 

review of literature suggests that connectivity may also be king at the behavioural level with complex 

behaviour able to be understood more fully by understanding interactions between the factors of 

which the behaviour is comprised. An investigation into the cross-domain interference effects of 

working memory tasks, and walking tasks will allow facilitate a greater understanding of interference 

effects in multiple domains. Such an investigation will also provide evidence of the direction of such 

interference and whether a one-way or two-way interference pattern exists. This directional 

information is likely to be novel and potentially useful but caution should be exercised in the 

interpretation of such directional interference due to the possible confounding factors in the direction 

of interference or the factors that influence domain prioritisation. 
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CHAPTER: 3 THE EFFECT OF SIMULATED PHYSICAL IMPAIRMENTS AND A SIMULTANEOUS 

WORKING MEMORY TASK DURING OVERGROUND WALKING IN A DYNAMIC 

ENVIRONMENT. 

3.1 Abstract 

Cognitive-motor interference during locomotion is well documented in a range of research fields 

including those relating to ageing and cognitive impairments. However, little is known about the cross-

domain interference effects between the cognitive and physical domains, the contribution tasks in 

each domain make to overall interference, and the pattern of interference that exists. The overall aim 

of this chapter is to quantify and compare the relative contributions of cognitive and overground 

walking tasks to cognitive-motor interference during walking and to reveal the direction of 

interference patterns between the performance domains. This chapter has an intentionally broad 

scope and tasks including collision avoidance capture interference behaviours that set the direction 

of investigations for the remainder of the thesis. This chapter contains two experiments utilising a 

repetitive shuttle walking task recorded by motion capture. In the first experiment, twenty-one 

healthy young adults (M = 25.5; SD = 2.3 years), performed a working memory task whilst walking 

overground with a simulated physical impairment to investigate the cross-domain interference effects 

in cognitive domain and the physical domain. This experiment found that the working memory task 

and the simulated physical impairment both influenced physical domain performance by reduced 

walking velocity by 20% and 18% respectively and the condition with both tasks combined resulted in 

a 32% reduction suggesting an additive interference effect between domains. However, the cognitive 

domain remained resilient to interference. In the second experiment twenty-two healthy young adults 

aged 20-29 years (M = 25.2; SD = 2.5 years) performed the shuttle walking task again with the 

concurrent working memory task. A pedestrian collision avoidance task was added to investigate the 

interference effects of a dynamic environmental challenge. This experiment found similarly reduced 

walking velocities but also found that collision avoidance behaviours were altered by the working 
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memory task. This resulted in a walking path that was 7 cm longer on average during collision 

avoidance with a concurrent working memory task. On average, participants performed collision 

avoidance manoeuvres in 4.73 out of five trials in when walking without the concurrent working 

memory task and this was reduced to an average of 4.27 out of five trials with the working memory 

task. Performance on the working memory task was also altered by the pedestrian collision avoidance, 

with correct responses in the working memory task reduced from 96% to 86% due to collision 

avoidance with the oncoming pedestrian and an 8% reduction in response rate. Overall, this chapter 

finds that a working memory task and a simulated physical impairment had a similar impact upon 

walking performance and this effect was additive when conditions were combined. This chapter also 

finds the cognitive domain to be resilient to multitasking interference except during the pedestrian 

collision avoidance where costs were also suffered in the cognitive domain. The collision avoidance 

behaviours observed provide a rationale for more detailed investigation into visual domain 

interference including recording of eye movements. 

3.2 Introduction 

Navigating dynamic environments requires vision and cognitive resources for route planning and the 

exploitation of the neuromuscular and skeletal systems and biomechanical factors for successful 

locomotion (Cinelli & Patla, 2008; Matthis et al., 2018; Patla, 1997). Various factors impact upon 

performance of human locomotion including physical factors such as age-related physical changes 

(Hausdorff & Alexander, 2005) and cognitive factors such as age-related cognitive changes or 

simultaneous cognitive tasks (Al-Yahya et al., 2011; Yogev-Seligmann et al., 2008). The majority of this 

previous research into age-related disease has separately explored the effects of cognitive 

impairments and physical impairments on falls risk and walking performance. Broadly, three relevant 

strands of research have emerged: the effect of physical impairments associated with ageing, the 

effect of cognitive impairments associated with ageing, and the effect of the environment upon falls 

risk such as collision avoidance with other people. As walking in a dynamic environment contains 
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discrete and overlapping tasks from multiple performance domains, this activity is an excellent 

candidate for a first investigation into cross-domain interference and cognitive-motor interference in 

particular. 

In the physical impairment domain, research has focused on musculoskeletal weakness that is strongly 

associated with ageing, vestibular impairments that effect balance, arthritis, and age-related sensory 

impairments. Indeed, research has demonstrated that many of these factors are strongly associated 

with falls risk in older people (Campbell, Borrie, & Spears, 1989). Overall, physical impairments 

increase with age resulting in altered gait and increased risk of falls (Lockhart, Woldstad, & Smith, 

2003). The effect of age-related impairments in the cognitive domain upon walking performance has 

been heavily researched since the observation that older people with mild cognitive impairments stop 

walking when talking (Lundin-Olsson et al., 1997). Overall, cognitive impairments result in slower 

walking speeds, decreased step rate, decreased stride length, increased stride time variability, and 

increased stance width and double support phase time (Al-Yahya et al., 2011; Amboni, Barone, & 

Hausdorff, 2013; Montero-Odasso et al., 2014). A close association has been found between cognitive 

performance and walking performance with mild cognitive impairments associated with a gait 

signature that may in turn be used in the clinical diagnosis and subtyping of cognitive impairments 

(Montero-Odasso et al., 2014). 

This body of research has typically investigated the interaction between performance in the physical 

and cognitive domains by employing the dual-task paradigm. That is, two experimental tasks 

performed concurrently may result in a decrement of performance in one or both tasks. Dual-task cost 

is often used to describe such a performance decrement, where dual-task performance is expressed 

as a percentage of single-task performance variables (Kelly, Janke, & Shumway-Cook, 2010). Dual-task 

research has found that older people with cognitive impairments suffer a greater dual-task cost across 

a range of activities compared with age-matched controls (Montero-Odasso et al., 2014; Muir et al., 

2012). Healthy, younger people also suffer dual-task costs when walking although to less extent than 
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older adults (Amboni et al., 2013). The focus of many dual-task studies of cognitive-motor interference 

appears to have assumed a one-way relationship between the cognitive and physical domains where 

a cognitive task results in dual-task costs in the physical domain. However, there is a strong suggestion 

in the literature that gait-cognition may in fact have a two-way interference relationship and that 

walking tasks may impair performance of cognitive tasks (Al-Yahya et al., 2011; Srygley et al., 2009; 

Szturm et al., 2013). For example, performance of a serial-seven subtraction task was reduced in both 

younger and older participants when walking concurrently compared with the same task when seated 

(Srygley et al., 2009). 

As the first investigation into cognitive-motor interference in this thesis, it is hoped that including 

challenges to each of the performance domains discussed so far will provide opportunities to observe 

interference emerging in the behaviours of participants. Tasks such as shuttle walking, collision 

avoidance, physically impaired walking, and mental arithmetic relate to tasks of daily living and will 

place varying demands in the physical, cognitive, and visual domains. As there is very limited previous 

research on cross-domain interference across multiple domains, broad investigations including tasks 

across multiple domains that are analogous to tasks of daily living should serve as starting point and 

guide for the direction of subsequent investigations. 

Given the documented interference between cognitive tasks and physical tasks, and the 

predominance of reporting of interference in the physical domain, research reporting the relative 

interference effects across domains is necessary. Also necessary is investigation of the theoretical 

basis for cross-domain interference. Chapter 2.2.4 discusses the patterns of interference that may be 

expected taking a developmental perspective of neural reuse and applying it to cognitive-motor 

interference. Whether structures from early-developing functions are more vulnerable to interference 

from later-developing functions that reuse such structures is a central question for cognitive-motor 

interference extrapolated from Anderson’s (2016) theory of neural reuse. This question also overlaps 

with Anderson’s own questions about the direction of interference patterns between tasks across 
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domains (M. L. Anderson, 2016, p. 310). By recording performance across the domains involved in the 

multitasking exercise it will be possible to ascertain if interference occurs in one or both domains and 

what the relative contributions of cognitive and physical factors are to cognitive-motor interference 

whilst walking. It is hoped that this will provide behavioural evidence of cross-domain interference 

and several theories including neural reuse can be considered for their ability to inform interpretations 

of findings. 

This chapter consists of two experiments. The first experiment uses the dual-task paradigm in concert 

with increased demands in the physical and cognitive domains to investigate the relative contributions 

of these factors to impaired task performance in a healthy cohort. The second experiment builds upon 

the findings of the first and investigates the effects that increased demands in the cognitive domain 

have upon collision avoidance behaviours with an oncoming person whilst walking with increased 

demands in the physical domain. The overall aim of this chapter is to quantify and compare the relative 

contributions of cognitive and overground walking tasks to cognitive-motor interference during 

walking and to reveal the direction of interference patterns between the performance domains. 

3.3 Experiment 1: The relative contribution of cognitive and physical factors to cognitive-motor 

interference during walking. 

3.3.1 Introduction 

A body of evidence from a range of disciplines suggests that interference can occur between cognitive 

and physical domains when multiple tasks are performed concurrently (Al-Yahya et al., 2011). For 

example, there is evidence that interference between the physical and cognitive domain can occur 

resulting in diminished performance in the physical domain (Ellmers et al., 2016; Salmon & Thomson, 

2007) and also occasionally in the cognitive domain during walking (Srygley et al., 2009). The most 

commonly reported finding in gait-cognition dual-task studies is a decrease in walking speed with a 

concurrent cognitive task and that cognitive tasks requiring working memory are among the tasks that 
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have the biggest impact on walking speed (Al-Yahya et al., 2011). There is even some evidence of a 

complete cessation of walking due to instantaneous demands in the cognitive domain in healthy 

young and older participants of previous dual-task studies (Bloem, Valkenburg, Slabbekoorn, & 

Willemsen, 2001). Therefore, walking speed is the most important variable in these first investigations 

into cross-domain interference in healthy younger adults. Walking speed appears likely to be the most 

robust indicator of cognitive-motor interference in the physical domain and perhaps even the most 

robust indicator cross-domain interference across any domain from the limited available evidence. 

There are a range of other age-related factors that impact upon walking performance including 

impaired balance, tactile feedback, but the lack of fitness and physical strength is particularly 

important (Hausdorff & Alexander, 2005). A loss of strength between 16.6% and 40.9% is seen in those 

over 40 years of age compared with younger people (Keller & Engelhardt, 2013) may contribute to 

falls later in life (Robbins, Waked, & Mcclaran, 1995). The simulation of some of these impairments to 

walking performance mirrors some challenges of daily living but, importantly, when simulated in a 

young and healthy population may be informative in terms of the limits of human multitasking 

performance and reveal threshold for cross-domain interference that one can be confident is not the 

result of age-related disease or cognitive impairment. As such, this type of investigation using healthy 

young adults is likely to be illuminating for understanding of cognitive-motor interference in humans 

and may perhaps extend to an appreciation of potential risks of cognitive-motor interference in daily 

living. 

Despite apparent congruence in previous research findings, cross-domain interference factors are not 

fully understood. For example, research has reported both the effects of concurrent cognitive tasks in 

slowing walking speed (Beurskens & Bock, 2012) and the role of physical impairments in walking 

performance (Taylor, Delbaere, Lord, Mikolaizak, & Close, 2013). Tasks that demand the use of the 

working memory component of the executive functions (Diamond, 2013) are particularly effective in 

creating cognitive-motor interference and the serial subtraction tasks are very widely used in such 
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research (Ellmers et al., 2016; Srygley et al., 2009). However, previous research has not manipulated 

the demands in the physical and cognitive domains during otherwise unimpeded over-ground walking 

with the goal of investigating the contribution of increased demands in each domain on the resultant 

dual-task performance. It is important to understand the likely effect of a concurrent cognitive task or 

a developing cognitive impairment on walking performance. Studying the relative contribution of such 

challenges in these two distinct domains is also an opportunity to investigate whether there is a one-

way or a two-way pattern of interference between domains. This is a key question in the application 

of the theory of neural reuse to cognitive-motor interference (M. L. Anderson, 2016, p. 310). The 

behavioural evidence obtained through cognitive-motor interference experiments in locomotion will 

help to answer this question. 

The present experiment seeks to further understand dual-task interference from cognitive and 

physical domains by quantifying the interaction between a simple self-paced cognitive task and self-

paced over-ground walking. This study aims to measure the relative contributions of a simulated 

physical impairment and a concurrent working memory task on performance in the physical and 

cognitive domains in a healthy, young, and unimpaired adult population. A mental arithmetic task is 

used to challenge the executive function of working memory. A physical impairment simulation suit is 

used to increase challenge of the walking task by increasing body mass by around 30% to reflect the 

typical age-related loss of strength (Keller & Engelhardt, 2013). This experiment tests three 

hypotheses in the physical domain: 1) that walking velocity will be reduced by a simulated physical 

impairment, 2) that walking velocity will be reduced by a concurrent working memory task and 3) that 

both of these challenges in combination will produce an additional reduction in walking velocity. This 

experiment tests two hypotheses in the cognitive domain: 1) that walking will reduce performance of 

a concurrent working memory task and 2) that walking with a physical impairment will further reduce 

performance of a concurrent working memory task. Finally, this experiment tests the cross-domain 

hypothesis that the dual-task costs will not be different between the cognitive and physical domains. 
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3.3.2 Method 

Participants 

Twenty-one healthy young adults (M = 25.5; SD = 2.3 years), without a musculoskeletal disorder and 

with a body mass below 100 kg (M = 68.7; SD = 13.3 kg) volunteered to participate in this study. 

Previous cognitive-motor interference research during locomotion has found effect sizes of 0.88 in the 

physical performance domain (Ellmers et al., 2016). Power calculation performed with G*Power (Faul, 

Erdfelder, Lang, & Buchner, 2007) determined that with an effect size of 0.8, a sample size of 12 

participants would be sufficient to achieve a power value of 80%. The participant mass limit was to 

enable an increase in body mass of  ~30% due to the use of the physical impairment suits as this would 

approximate the loss of strength suffered due to ageing (Keller & Engelhardt, 2013). All participants 

signed a written consent form prior to testing. The study was approved by the University’s Ethics 

committee and conducted in accordance with the Declaration of Helsinki. 

Experimental setup 

A walkway measuring 5 m long and 1.8 m wide was marked on the floor of the lab. 16 optoelectronic 

cameras (Qualisys, Oqus 300/310, Sweden) sampling at 200Hz (2.7, Qualisys Track Manager, Sweden) 

were arranged around the laboratory to capture the motion of the pelvis during walking trials. 

Participants wore 20, 12 mm diameter retro-reflective markers, attached to anatomical landmarks in 

accordance with the Coda Pelvis, Thigh Model 1, Shank Model 1, and One Segment Foot marker set 

guidelines at the Visual3D website (https://c-

motion.com/v3dwiki/index.php/Marker_Set_Guidelines/pt). Increased demand in the physical 

domain was created by participants wearing a weighted physical impairment suit (GERT, Produkt + 

Projekt, Germany) (Figure 3-1). The suit increased participants’ body mass by evenly distributing 

weights equal to ~30% body mass around the torso and distal ends of limbs and was chosen to reflect 

the loss of strength that is thought to occur through the middle years of the lifespan (Keller & 
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Engelhardt, 2013). The suit also reduced tactile feedback from the feet by the use of stiff overshoes, 

simulating the age-related loss of plantar tactile sensitivity of the feet (Robbins et al., 1995). A video 

camera (SDR-H85, Panasonic, Japan) sampling at 25Hz was placed to capture audio from the 

laboratory for analysis of the working memory tasks  

 

Figure 3-1. Physical Impairment Suit (GERT, Produkt + Projekt, Germany) 

Procedure 

Each participant’s trials were conducted in one data collection session. Participants completed the 

following experimental tasks in combinations according to the condition listed below. 
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Working Memory Mental Arithmetic Task. An increase of demands in the cognitive domain was 

created by participants performing the task of counting backwards in threes, aloud, from a given 

three-digit number (Condron & Hill, 2002). Such a task is thought to place demands upon the executive 

function of working memory (Diamond, 2013). Participants were instructed to count at whatever 

response rate they felt comfortable with, to continue if they made an error, and to continue counting 

until the end of the trial. The aim of these instructions was to avoid influencing the domain 

prioritisation of the participants. No feedback was given to participants. The duration of the working 

memory task was one minute in the baseline condition and approximately equal to the duration of 

five consecutive five metre shuttle walks in the combined condition.  

Walking task. The task consisted of walking along a runway marked on the floor of the laboratory. 

Participants were instructed to walk at their natural comfortable walking pace for five continuous 

shuttle walks along the five-metre track for each trial. This task was also repeated with the extra 

challenge of wearing the physical impairment simulation suit 

The order of these tasks was randomised and counterbalanced across the entire sample: 

1) Serial 3 subtraction task baseline performed sat in a chair (S3-Base) 

2) Walking task baseline, unimpeded natural walking (Walk-Base) 

3) Walking with concurrent serial 3 subtraction (Walk-S3) 

4) Walking with physical impairment suit (Walk-Phys) 

5) Walking with physical impairment suit and concurrent serial 3 subtraction (Walk-Phys-S3) 

Participants were not instructed to prioritise one task domain over another in dual-task trials.  

Data Processing and analysis 
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Motion capture data were exported to Visual 3D (4.96.4, C-Motion, USA), gaps in data were filled by 

polynomial interpolation and a Butterworth low pass filter applied at 6Hz. Custom processing scripts 

were written to output the mean velocity of the centre of mass of the pelvis on each trial defined by 

the pelvic centre of mass crossing the thresholds at the beginning and end of the 5-metre walkway. 

Mean walking velocity over the duration of the trial was calculated. Whilst other variables such as 

stride time variability, stride length variability, and cadence are commonly reported in the literature, 

walking velocity is the most consistent and robust physical domain variable, reported three times 

more frequently than cadence, the second most reported variable, in a meta-analysis (Al-Yahya et al., 

2011). This robust variable is therefore the most appropriate for a first investigation into cross-domain 

interference effects in a healthy young population. Variables that are not so widely reported increase 

the risks of interference being missed if a particular variable does not express interference effects so 

readily. Incidences of any hesitant movement or complete stops in gait were also counted using 

qualitative video analysis. Hesitations and blocks have been reported in previous research by 

observing participants and counting the number of times participants visibly stopped walking or 

exhibited hesitant movements during trials (Bloem, Valkenburg, Slabbekoorn, & Willemsen, 2001; 

Camicioli, Oken, Sexton, Kaye, & Nutt, 1998). For the present analysis an incidence of hesitation was 

defined as a visible break in normal step cadence and a stop was defined as a visible momentary 

cessation of walking performance. These variables are subjective, so inter-rater reliability was 

compared with two other raters who had received the definition briefing. The agreement of results 

between the investigator and the two raters was 100% for stops and 88% for hesitations. 

Responses on the serial 3 subtraction task were transcribed from the audio recordings for analysis of 

performance. Response rate (responses per second) and response accuracy (percentage of correct 

responses) were calculated.  
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Dual-task costs were calculated to allow for relative comparison of costs in a different domain, the 

dual-task performance variable is expressed as a percentage of the single-task performance variable 

(Kelly et al., 2010). 

Dual task cost = ((Single-task measurement – Dual-task measurement)/Single task measurement)* 

100. 

Statistical analysis 

Means and standard deviations were calculated for variables of each condition and data were tested 

for normality. Repeated measures ANOVAs were performed separately between conditions for 

dependent variables in each domain (Physical domain: walking velocity, Cognitive Domain: response 

rate and response accuracy). F values are reported for parametric data along with Eta squared values 

for main effect sizes and Cohen’s d for post hoc comparisons (0.2 Small, 0.5 Medium, 0.8 Large effect). 

The alpha level was 0.05 which was Bonferroni corrected for multiple comparisons in post hoc tests. 

3.3.3 Results 

Physical Domain 

The concurrent working memory task (Walk-S3) and the physical impairment suit (Walk-Phys) both 

resulted in reduced walking velocities. The data met Mauchley’s assumptions of sphericity (2 (3) = 

10.16, p = 0.07). Walking velocity was significantly affected by the experimental conditions (F(3,60) = 

38.59, p = <0.001, η2 = 0.66). Post hoc tests with Bonferroni corrections for multiple comparisons 

revealed that each walking condition resulted in a velocity that was significantly different to baseline 

(M = 1.10 m/s, SD = 0.16). Walking velocity with the concurrent serial-three subtraction task (Walk-

S3) (M = 0.88 m/s, SD = 0.19) was significantly lower than baseline (Walk-Base) (F(1,20) = 60.46, p = 

<0.001, d = 1.27) and represented a dual task cost of 20%. Similarly, walking with the physical 

impairment suit (Walk-Phys) resulted in a walking velocity (M = 0.91 m/s, SD = 0.18) significantly below 
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baseline (F(1,20) = 42.19, p = <0.001, d = 1.14) representing a reduction in walking velocity of 18%. The 

greatest reduction in walking velocity (0.35 m/s) occurred in the combined condition: walking whilst 

wearing the impairment suit with the concurrent working memory mental arithmetic task (Walk-Phys-

S3) (M = 0.75 m/s, SD = 0.19) was significantly reduced compared to baseline (F(1,20) = 89.31, p = <0.001, 

d = 2.03) (Figure 3-2), producing a 32% reduction in walking velocity. 

Some participants displayed hesitant or interrupted gait. Of the 21 participants, 5 (24%) displayed 

either stops or hesitations. Stops and hesitations only occurred in the conditions with the concurrent 

serial-3 subtraction task. In the walking with concurrent cognitive task (Walk-S3) condition, there were 

3 stops across the trials of two participants and 11 hesitations across the trials of five participants. In 

the condition with increased cognitive and physical demands concurrently (Walk-Phys-S3) there were 

5 stops across the trials of three participants and 8 hesitations across the trials of three participants. 

The remaining 16 participants did not display stops or hesitations. 
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Figure 3-2. Participants mean walking velocity in each condition. *p <0.001, d = 1.26; **p = <0.001, 

d = 1.14; ***p <0.001, d = 2.01; ****p = 0.007, d = 0.67; *****p <0.001, d = 0.85. 

Cognitive Domain 

Neither the concurrent walking task (Walk-S3) nor the walking task with physical impairment condition 

(Walk-Phys-S3) altered accuracy or response rate in the cognitive task (Table 3-1). Friedman’s test 

indicated no overall significant difference between conditions in accuracy (2(2) = 3.11, p = 0.21) or 

response rate (2 (2) = 5.23, p = 0.73). 
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Table 3-1. Descriptive statistics for working memory task performance. 

 Accuracy (% correct) 

Mean (SD) 

Response Rate (r/s) 

Mean (SD) 

S3-Base 92.17 (9.18) 0.42 (0.14) 

Walk-S3 94.8 (6.89) 0.42 (0.13) 

Walk-Phys-S3 96.17 (9.2) 0.38 (0.15) 

 

Cross-domain dual-task cost comparison 

Dual-task costs (%) were significantly different with greater dual-task costs suffered for walking 

velocity in the physical domain (M = 20.59, SD = 12.78) compared with both cognitive domain S3 

variables accuracy (M = -3.63, SD = 11.25), Z = -4.015, p < 0.001, r = 0.62, and response rate (M = -4.36, 

SD = 28.22), Z = -3.702, p < 0.001, r = 0.57.  

3.3.4 Discussion 

This aim of this study was to examine the relative contributions of a simulated physical impairment 

and a concurrent working memory task on walking performance in a healthy, young, and unimpaired 

adult population. The key findings of this chapter are that the two tasks of serial-3 subtractions and 

walking with a simulated physical impairment both had a large effect on walking performance, 

reducing walking velocity by 20% and 18% respectively. Importantly, when performed concurrently 

these tasks appeared to have an additive effect reducing walking velocity by 32%. Stops and 

hesitations of walking performance occurred only on trials with the concurrent working memory task. 

Working memory performance measured by serial-3 subtractions was not affected by concurrent 

walking. The differences in the response rate, in particular, were quite large and it is possible that a 

larger sample size would have produced a slightly different result in the cognitive domain especially 

as this study was powered for effects in the physical domain. However, the p-value for response rate 
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data in the cognitive domain was not marginal (p = 0.73). Some caution should be exercised with this 

data but the values presented do suggest that I can be confident that the chance of a type II error is 

low. Dual task costs, therefore, appear to have manifested only in the physical domain. 

Effects in the Physical Domain 

This chapter tested the physical domain hypotheses that walking velocity will be reduced by 1) A 

simulated physical impairment, and 2) by a concurrent working memory task. This experiment tests 

the third hypothesis that both of these tasks in combination will produce an additional reduction in 

walking velocity. Walking velocity was significantly reduced due to the simulated physical impairment 

and the concurrent working memory task, therefore hypotheses 1 and 2 are accepted. A greater 

reduction in walking velocity occurred when the working simulated physical impairment and the 

memory task were combined concurrently, therefore hypothesis 3 is accepted. 

In the concurrent walking and working memory task condition (Walk-S3), walking velocity was reduced 

by 0.23 m/s compared to baseline, a dual-task cost of 20%. The condition walking while wearing the 

physical impairment simulation suit (Walk-Phys), reduced walking velocity by 0.20 m/s compared to 

baseline, a dual-task cost of 18%. Increased demands in the cognitive and physical domains 

concurrently (Walk-Phys-S3) resulted in a reduction in walking velocity of 0.36 m/s and a dual-task 

cost of 32%, accepting hypothesis 3. Participants’ walking velocity in the baseline condition was similar 

to that found by other researchers for a healthy adult population (Bohannon & Williams Andrews, 

2011). The reductions in walking velocity in the other conditions equated to walking velocities typical 

of older people aged 80+ years (Bohannon & Williams Andrews, 2011). Therefore, this finding 

demonstrates that even the use of a single cognitive task is enough to create some changes to gait 

characteristics in a young and healthy population that are similar to those that are common in an older 

population. 
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Analysis of walking gait showed that 24% of participants also hesitated or stopped walking entirely 

during trials with increased cognitive domain demands. Such interruptions to gait coincided with a 

hesitation on the cognitive task and stepping was postponed until after the next response on the 

cognitive task was given. Earlier research has also revealed that healthy younger adults displayed 

hesitations and blocks in motor performance during physical-cognitive multitasking (Bloem, 

Valkenburg, Slabbekoorn, & Willemsen, 2001). In this earlier research several additional tasks were 

layered, including diming of lights, low-friction shoes, carrying items, and a cognitive task to test 

multitasking ability. Of the healthy young control group, 8% displayed either a hesitation or a stop in 

the motor task in the presence of a cognitive dual-task (Bloem, Valkenburg, Slabbekoorn, & 

Willemsen, 2001). This rose to 18% of the healthy young controls displaying a similar error of motor 

performance in the sixth research condition that included the additional tasks of avoiding obstacles, 

carrying a loaded tray, and wearing slippery shoes. In common with the previously mentioned 

research, the only experimental conditions that produced motor errors of such magnitude were those 

that included a cognitive task. However, the additional tasks in the present experiment were fewer in 

number, did not contain perceptual challenges, and the experiment used a different kind of cognitive 

task. The present experiment used a serial-3 subtraction task which challenges working memory, and 

gait is particularly sensitive to interference from cognitive tasks requiring working memory compared 

other cognitive tasks or externally focused tasks such as reaction time tasks (Al-Yahya et al., 2011). 

Working memory is one of the Executive Functions and use of the Executive Functions is considered 

to be effortful and require that one concentrates and pays attention (Diamond, 2013). Evidence of 

such effort in the cognitive domain being so readily detectable in the physical domain is interesting 

and provides the beginnings of an answer to the Neural Reuse question posed by Anderson about 

interference patterns between domains (M. L. Anderson, 2016, p. 310). At least in the experimental 

tasks used here, the physical domain has proven to be extremely susceptible to interference from 

tasks in the cognitive domain which themselves remained resilient to interference. This suggests a 
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predominantly one-way interference relationship between factors in response to the question posed 

by Anderson. 

Effects in the Cognitive Domain 

This experiment tested the cognitive domain hypotheses that: 1) walking will reduce performance of 

a concurrent working memory task and 2) walking with a physical impairment will further reduce 

performance of a concurrent working memory task. There were no overall significant reductions in 

either response rate or response accuracy on the mental arithmetic task under dual-task conditions. 

Neither walking (Walk-S3) nor walking with the increased physical demands of the impairment suit 

(Walk-Phys-S3) affected performance of the working memory task in the cognitive domain, rejecting 

hypotheses 1 and 2.  The serial-3 subtraction task of the present experiment provided sufficient 

cognitive domain demands to produce a dual-task reduction in walking performance but the 

interference was not detectable in the cognitive domain. It is possible that there is a threshold of 

physical domain demand above which concurrent cognitive performance becomes impaired. If this 

threshold was not met during the walking task in the present experiment, then one would not expect 

to see a reduction in cognitive performance. However, one would expect that the present experiment 

does place considerable demands upon muscle strength and motor control by adding 30% to the body 

weight of participants and reducing tactile feedback from the ground. Even under these circumstances 

evidence of interference was not detected in performance in the cognitive domain. An interpretation 

of this finding in the context of neural reuse could be that the executive functions in general, and 

working memory in particular, arise relatively late in human development (Diamond, 2002) relative to 

the arrival of the earliest locomotor function (Gardner, Warren, Weeks, & Bennett, 2002). According 

to a principle of neural reuse later developing functions will be distributed across widely scattered 

networks and earlier developing functions will have networks that developed to support their 

function. These networks are available for reuse for longer in development and are therefore more 

likely to suffer resource competition from reuse. It is difficult to predict the pattern of interference 
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that will arise due to resource competition from the structures that support locomotor functions in 

the physical domain being reused by executive functions in the cognitive domain where 

neuroanatomy may be shared (Bürki et al., 2017; Tian et al., 2021). One may expect that the later 

developing executive function tasks may be relatively resilient to the interfering effects of shared 

neural structures if the structures that support them are widely scattered (M. L. Anderson, 2016).  

It is, however, possible that performance in the cognitive domain is sensitive to dual-task interference 

due to perceptual-motor factors, such as online control of locomotion when interacting with a 

dynamically changing environment, and that will be explored in experiment 2.  

Dual-task costs in the physical domain and cognitive domain. 

No dual-task costs were detected in the cognitive domain. The majority of studies examining cognitive-

motor interference focus have reported interference effects in the physical domain (Al-Yahya et al., 

2011), although several studies have reported dual-task costs in the cognitive domain whilst walking 

(Ellmers et al., 2016; Srygley et al., 2009; Szturm et al., 2013). Of these, one study reported costs in 

both domains and found both domains suffer similar levels of dual-task costs (Ellmers et al., 2016). 

The study by Ellmers et al had important differences such a targeted stepping task and required a level 

of spatial precision which could perhaps have resulted in interference in both domains. The present 

experiment suggests that either a one-way interference pattern can exist or that if a two-way pattern 

exists then there may be some flexibility for interference to occur in one direction at least under some 

circumstances. The one-way interference pattern in the present experiment does not necessarily 

suggest that the pattern is always one-way as the Ellmers et al, (2016) study found a two-way 

interference relationship. However, the findings presented in this chapter do suggest that interference 

between the cognitive and physical domains can be one-way at least in some circumstances. An 

important consideration for the interpretation of decrements in performance of one or more domains 

where waling tasks is involved is the possibility that the direction of the effect may not be the result 

one domain inevitably interfering with another. As discussed in subchapter 2.2.5, decrements in 
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performance may be seen in the cognitive domain where a posture-first strategy is adopted or in the 

physical domain where a posture-second strategy emerges (Bloem et al., 2006). Therefore, a rational 

interpretation is that interference occurs between two domains because maintenance of 

simultaneous performance above a particular threshold is impossible otherwise no decrement in 

performance would be required. However, a concept such as the posture-second strategy may suggest 

that in this scenario the subject has agency in determining that the decrement shall be expressed in 

the physical domain perhaps because of misallocation of resources or the perceived lack of risk in 

sacrificing performance of the simple walking task. Caution is therefore required in interpreting the 

direction of interference between two performance domains in a locomotor task.  

These findings of this chapter present cognitive-motor interference during locomotion as a possible 

example in response to Anderson’s (2016, p. 310) interference pattern direction question and 

provides a strong rationale for further investigation into multidomain interference during locomotion 

due to the multiple confounding factors in interference direction. 

The literature describing the neuroanatomy responsible for coordinating locomotion may offer a 

potential mechanism to explain at least part of the interference between the cognitive and physical 

domains. According to Rossignol et al (2006), the sequenced muscle activations and joint movements 

of locomotion are coordinated by clusters of neurons in the spine referred to as central pattern 

generators that coordinate movement in concert with the stretch shortening cycle of the lower limbs 

(Duysens & Van de Crommert, 1998; Grillner, 1975). An impediment to natural gait in the present 

study, including an increase in body weight of around 30% may have overwhelmed the ability of these 

processes to support the coordination of movement. If the additional weight of the impairment suit 

was sufficient to impair performance of some of the structures evolved to coordinate locomotion – 

such as the stretch-shortening cycle, which returns energy to the gait cycle and Golgi tendon organs 

that discharge during the stance phase of gait – then participants may have used cognitive resource 

such as the executive functions to coordinate locomotion. Indeed, there is the suggestion that gait 
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characteristics may be preserved in the later years of the lifespan by utilising more cognitive resources 

to accommodate physical impairments (Nóbrega-Sousa et al., 2020). In relation to the present 

experiment, it is possible that neural resources ordinarily used for working memory were reused to 

overcome impaired performance of the neural structures that coordinate locomotion, and that are 

hampered due to the imposition of a physical impairment suit.  In such an example of reuse, one would 

expect a working memory task to reduce available working memory resource, thereby reducing the 

capacity to accommodate the impaired performance of the structures that assist in automating 

locomotion. The result may be a further reduction in walking speed. In summary, some of the 

coordination of locomotion is handled by neural structures located away from the brain in the spine 

and peripheral nervous system. However, when performance of these structures is impaired, in the 

case of the present experiment by a physical impairment suit, then executive functions may be 

required to overcome the impaired coordination. Such a reuse of the neural structures that support 

executive functions, and working memory, may be an example of Neural Reuse as described by 

Anderson (2015). 

The significant impact that the working memory task had upon walking performance in addition to 

the impact of a physical impairment suit in a shuttle walking task raises the question of what would 

be the effect of a working memory task upon other more dynamic walking tasks. Tasks such as 

pedestrian collision avoidance afford an opportunity to study walking gait in a dynamic task common 

in daily life that is more dynamic from both a cognitive and locomotive perspective (Cinelli & Patla, 

2008; Dicks et al., 2016). Such a task would therefore be a suitable next step in investigating cognitive-

motor interference whilst physically impaired. A more dynamic and demanding walking task may 

reveal more about the extent of interference in the physical domain and the circumstances under 

which a two-way interference pattern may emerge showing impaired performance in the cognitive 

domain also. 

3.3.5 Conclusion 
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This experiment aimed to measure the relative contributions of a simulated physical impairment and 

a concurrent working memory task on performance in the physical and revealed that concurrent 

cognitive (serial-3 subtractions) and physical demands (a weighted age simulation suit) had an additive 

effect on reductions in walking velocity. The interfering effect of cognitive tasks in the physical domain 

even resulted in cessation of walking performance in some cases. The demand created by the physical 

impairment suit may have impaired the coordination of locomotion resulting in interrupted gait as 

cognitive resources that could coordinate gait in such circumstances were occupied by the working 

memory task.  The impaired performance in the physical domain may be understood in terms of the 

theory of Neural Reuse (Anderson, 2010) with the caveat of confounding factors in the direction of 

interference. This experiment documented an example of a one-way interference pattern as no dual-

task costs were found in cognitive domain performance. The simultaneous performance limitation of 

the present experiment raises the question of the effect of working memory tasks upon behaviours in 

a dynamic environment and this will be addressed in experiment 2 in chapter 3.4.   

3.4 Experiment 2: The effect of a concurrent mental arithmetic task on collision avoidance 

behaviours with an oncoming person. 

3.4.1 Introduction 

In daily life walking involves adapting to dynamic changes to the environment such as traffic or the 

movement of other pedestrians. Experiment one revealed that performance of the cognitive task 

rather than the physical impairment suit produced the greatest change in walking performance, 

despite the fact that no changes in cognitive performance were demonstrated. The experiment also 

found a one-way interference pattern between the performance domains where no dual-task costs 

were found in the cognitive domain. This begins to answer Anderson’s (2016, p. 310) question about 

directions of interference patterns in neural reuse. From the findings of subchapter 3.3 alone it is 

possible that the interference relationship between the physical domain and the cognitive domain 

during locomotion is a one-way relationship and performance in the cognitive domain is always 
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preserved. Previous locomotion research suggests a cognitive role in navigating through dynamic 

environments (Cinelli & Patla, 2008; Cinelli et al., 2009). Such dynamic environments include collision 

avoidance with other pedestrians (Dicks et al., 2016). Whether the direction of cross-domain 

interference is a property of the interaction between the domains utilised or a property of the 

environment is not understood and neither is the possibility of different interference patterns 

emerging. Anderson (2016, p. 310) states that most interference patterns seem to result in 

decrements in performance of both the task domains studied. Therefore, a different interference 

patterns to that seen in subchapter 3.3 seems possible and a more demanding walking task in a 

dynamic environment may increase the chances of such interference patterns emerging. 

Various factors are thought to impact walking performance in dynamic environments. For example, 

Matthis et al (2018) suggested that a gaze look-ahead distance reflecting a moving window of two 

steps and equivalent to 1.5 second may be adopted to support the control of locomotion across 

varying terrain. Specific to collision avoidance, research examining avoidance behaviours of future 

head-on collisions, participants tend to prospectively coordinate their action with a safety boundary 

of 4 metres (Cinelli & Patla, 2008). The authors of that study suggest a further cognitive component in 

addition to perceptual component to these avoidance behaviours. Therefore, one may expect such a 

dynamic environment to increase the burden in the cognitive domain and an additional cost to 

become apparent either in the cognitive or the physical domain during cross-domain multitasking. 

Other research by Cinelli et al. (2009) reported that route planning comprises an important cognitive 

component in addition to perceptual factors when navigating through unpredictable oscillating doors. 

Early in the approach, participants were found to adopt longer fixation durations on pertinent areas 

of interest, i.e. the individual moving doors, when the doors moved asymmetrically before 

prospectively adapting gait to successfully navigate through the aperture in the final phase of 

movement. In more recent collision avoidance research, where participants were required to avoid 

oncoming people on a simulated pedestrian crossing, participants walked more slowly when avoiding 

two pedestrians than one pedestrian (Dicks et al., 2016). Further, participants’ avoidance manoeuvres 
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were initiated closer to the oncoming pedestrians when oncoming pedestrians were using a mobile 

phone. This finding was interpreted as a further challenge to gait control, due to reduced opportunity 

for social attention. Participants also exhibited a stop-start strategy to avoid collision rather than 

taking a longer path to walk around the pedestrians. Other research suggests that pedestrians are less 

likely to recognise opportunities to cross a road when talking on a phone than when listening to music 

(Neider, McCarley, Crowell, Kaczmarski, & Kramer, 2010). Overall, these studies suggest that collision 

avoidance places demands upon resources in the cognitive domain and relies on performance in 

domains that are particularly vulnerable to cognitive-motor interference. However, the effect that 

cognitive factors have on these behaviours is not well understood. Further, demands in the physical 

domain may place extra burden upon cognitive domain resources despite dual-task costs not being 

found in the cognitive domain in experiment 1. The physical impairment suit used in experiment 1 had 

an effect on walking velocity and is therefore likely to have affected gait control. An intuitive 

explanation for this is that the suit directly created a physical impairment but it is also possible that 

the impairment suit increased cognitive demands due impairing some of the automatic coordination 

of walking by structures in the central and peripheral nervous system as occurs in physically impaired 

older people (Nóbrega-Sousa et al., 2020). 

The present experiment builds upon the findings from the previous experiment in chapter 3.3 where 

a cognitive task and physical impairments in the form of a weighted physical impairment suit 

separately and additionally impacted walking performance. Using a similar experimental set up, this 

experiment aimed to investigate the effect that a mental arithmetic task has upon collision avoidance. 

This experiment further aimed to quantify any reciprocal effect that collision avoidance has upon 

cognitive performance. In particular, this experiment aims to use the dynamic environment in 

combination with the simulated physical impairment and working memory task to investigate whether 

the one-way interference pattern observed in experiment 1 would persist or whether dual-task costs 

would now be found in the cognitive domain. In the physical domain this experiment tests the first 

hypothesis that walking speed and walking velocity will be reduced by the working memory task. This 
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experiment tests the second hypothesis that a concurrent working memory task will result in a 

difference in the timing of collision avoidance manoeuvres. A third hypothesis is that the concurrent 

working memory task will result in a difference in collision avoidance trajectory, measured by peak 

mediolateral deviation and length of walking path. The fourth hypothesis states that the number of 

collision avoidance manoeuvres performance by participants will be different with the concurrent 

working memory task than without. The cognitive domain hypothesis states that the presence of an 

oncoming pedestrian will reduce performance of the concurrent working memory task compared with 

working memory performance whilst walking without an oncoming pedestrian. 

3.4.2 Method 

Participants 

Twenty-two healthy young adults aged 20-29 years (M = 25.2; SD = 2.5 years), mass 48.6 - 90.8 kg (M 

= 67.9; SD = 13.5 kg) volunteered to participate. Previous pedestrian collision avoidance research has 

found effect sizes of 0.96 for distance between the participant and oncoming pedestrian during onset 

of collision avoidance manoeuvre (Dicks et al., 2016). Power calculation performed with G*Power 

(Faul et al., 2007) determined that with an effect size of 0.8, a sample size of 12 participants would be 

sufficient to achieve a power value of 80%.  Healthy participants without a musculoskeletal disorder 

and with a body mass no higher 100 kg were sought for this study (the maximum body mass was to 

allow for an increase of mass of around 30% by the physical impairment suit). All participants signed 

a written consent form prior to testing. The study was approved by the University’s Ethics committee 

and conducted in accordance with the Declaration of Helsinki.  

Experimental setup and procedure 

The experimental setup was identical to that of experiment 1 in chapter 3.3. The physical impairment 

suit was utilised in all trials. To investigate the effect of serial-3 subtraction on physical domain 

variables including collision avoidance behaviours there were two experimental conditions as follows: 
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1) Walking with an oncoming pedestrian (Walk-Onc). 

2) Walking with an oncoming pedestrian plus concurrent serial-3 subtractions (Walk-Onc-S3). 

To investigate the effects of the collision avoidance task on performance in the cognitive domain there 

were two experimental conditions as follows: 

1) Walking without an oncoming pedestrian and with concurrent serial-3 subtractions (Walk-S3). 

2) Walking with an oncoming pedestrian and with concurrent serial-3 subtractions (Walk-Onc-S3). 

The same oncoming pedestrian (Female, Age 25, mass = 61 kg, height 1.66 m) was used for all collision 

avoidance trials. Participants were given no instruction about the purpose of the oncoming person 

and were merely briefed that another person would also be walking in the 5 m x 1.8 m area. The 

oncoming pedestrian and the participant both had the same marker set placed upon them for motion 

capture analysis. 

The oncoming pedestrian started each trial at the opposite end of the 5-metre walkway to the 

participant. The oncoming pedestrian was briefed to walk at their own natural pace towards the 

participant during each trial on a trajectory that would intersect with theirs, deviating from this route 

only if it became clear that the participant was not going to avoid the collision. The oncoming 

pedestrian was briefed to leave collision avoidance manoeuvres as late as possible to allow time for 

the participant to make an avoidance manoeuvre. 

Data processing and analysis 

Processing of motion capture data and transcription of responses of the serial-3 subtraction task were 

identical to experiment 1. The onset of avoidance manoeuvre was defined as the time that 

displacement of the centre of mass (CoM) of the pelvis exceeded three standard deviations of the 

mean mediolateral CoM position for the trial (Cinelli & Patla, 2008). Customs scripts were written in 
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Visual3D (4.96.4, C-Motion, USA to automatically identify the onset of collision avoidance manoeuvres 

and output the following variables: (i) distance between the participant and the oncoming participant 

was at the time of the onset of the avoidance manoeuvre, (ii) timing of the onset of collision avoidance, 

(iii) number of trials with an collision avoidance manoeuvre, (iv) maximum mediolateral deviation of 

pelvis CoM for the whole of each trial, (v) average walking speed, (vi) mean velocity over mid-section 

of walkway, (vii) maximum walking velocity over mid-section of the walkway, and (viii) minimum 

walking velocity over the mid-section of the walkway. For walking velocities over the mid-section of 

the walkway, the mid-section was defined as the remaining three metres in the middle of the runway, 

in which one would expect a steady-state velocity when walking unimpeded, after excluding the first 

metre for acceleration and the final metre of deceleration at standard walking velocities adapted from 

Cinelli and Patla (2008).  

Statistical analysis 

Means and standard deviations were calculated for variables of each condition and data were tested 

for normality. Paired samples t-tests were used to test for differences between conditions for 

parametric data and Wilcoxon signed rank tests used for non-parametric data (Physical domain: mean 

walking speed, mean velocity over mid portion of runway, peak velocity, minimum velocity, length of 

walking path, peak mediolateral deviation, number of collision avoidance manoeuvres, distance from 

oncoming person at onset of collision avoidance, time of onset of collision avoidance, Cognitive 

Domain: response rate and response accuracy). Cohen’s d for post hoc comparisons (0.2 Small, 0.5 

Medium, 0.8 Large effect). The alpha level was 0.05. 

3.4.3 Results 

Physical Domain 

The effect of concurrent Working Memory task on Walking speed and velocity. 
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Mean Walking speed in the Walk-Onc-S3 condition was 0.75 m/s, compared to 0.92 m/s in the Walk-

Onc condition (t(21) = -7.41, p < 0.001, d = 1.58). Mean velocity over the mid-portion of the walking 

runway was also lower at 0.77 m/s in the Walk-Onc-S3 condition compared to 0.96 m/s in Walk-Onc 

condition (t(21) = -5.810, p < 0.001, d = 1.23). Participants averaged a lower peak velocity of 1.17 m/s 

in the Walk-Onc-S3 condition compared with 1.36 m/s in the Walk-Onc condition over middle portion 

of the walking runway (t(21) = -6.797, p < 0.001, d = 1.44). Finally, the minimum velocity was also 

different between conditions at 0.50 m/s in the Walk-Onc-S3 condition compared with a mean 

minimum velocity of 0.67 m/s in the Walk-Onc condition (t(21) = -5.873, p < 0.001, d = 1.25). 

The effect of concurrent Working Memory task on walking path length and mediolateral path 

deviation. 

The length of the path walked by participants along the 5-metre runway was different between 

conditions (Z = -3.490, p < 0.001, r = 0.52). Participants took a path averaging 5.22 m with the Walk-

Onc-S3 condition compared to 5.15 m in the Walk-Onc condition. However, the peak mediolateral 

deviation was not different between conditions (Z = -1.737, p = 0.082).  

The effect of concurrent Working Memory task on collision avoidance behaviours. 

In the majority of trials in both conditions, participants did make collision avoidance manoeuvres. The 

number of trials where each participant performed collision avoidance manoeuvres was different 

between conditions (Z = -2.332, p = 0.020, r = 0.35). On average, participants performed collision 

avoidance manoeuvres in 4.73 out of five trials in Walk-Onc condition and this was reduced to an 

average of 4.27 out of five trials in the Walk-Onc-S3 condition. The distance at which these 

manoeuvres occurred from the oncoming person was not different between conditions (Z = -1.704, p 

= 0.088). Mean distance between participant and oncoming person at the onset of collision avoidance 

was 1.85 m (SD = 0.65) and 2.03 (SD = 0.60) for trials with and without the concurrent working memory 



 67 

task respectively. Avoidance manoeuvres occurred 0.66 seconds later on average in the Walk-Onc-S3 

condition compared to the Walk-Onc condition (Z = -3.263, p = 0.001, r = 0.49).  

A representative example from one participant demonstrates the longer walking path taken during 

dual-task trials (Figure 3-3). No collisions occurred during any of the trials but fewer collision avoidance 

manoeuvres were undertaken in the condition with the concurrent working memory task. 
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Figure 3-3. Trajectory data from one representative Participant and Oncoming Pedestrian where 

collision avoidance behaviours were present. A&B Two example collision avoidance trajectories 
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without the working memory S3 task. C&D Two example collision avoidance trajectories with 

working memory task. 

Cognitive Domain 

Effect of oncoming pedestrian on working memory task performance. 

The presence of the oncoming pedestrian had the effect of reducing percentage of correct S3 

responses to 86.36% (SD = 19.74) from 96.33% (SD = 9.03) compared to walking without an oncoming 

person (Z = -2.805, p = 0.005, r = 0.423). The response rate was also reduced from 0.38 (SD = 0.15) 

responses per second when walking without the oncoming pedestrian to 0.35 (SD = 0.16) responses 

per second during the condition with the oncoming pedestrian (Z = -2.051, p = 0.040, r = 0.309). 

3.4.4 Discussion 

This experiment aimed to explore whether a mental arithmetic working memory task had an effect on 

pedestrian collision avoidance behaviours and performance variables in the physical domain. All 

variables in the physical domain suffered dual-task interference due to the S3 working memory task, 

including the number of collision avoidance manoeuvres and length of walking path, so physical 

domain hypothesis 1-3 are accepted. Two notable exceptions in the physical domain variables were 

peak mediolateral deviation and distance between the participant and oncoming pedestrian. These 

variables were not altered by the serial-3 subtraction. A further aim was to investigate whether 

collision avoidance had an effect on performance of the working memory task. All cognitive domain 

variables suffered dual-task interference due to the pedestrian collision avoidance task so the 

cognitive domain hypothesis that collision avoidance interference with working memory performance 

is accepted. 

Physical Domain 
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On average, along their walking path, participants walked 18.5% slower with the mental arithmetic 

task than without. Over the mid-section of the runway, mean velocity, max velocity, and min velocity 

were also all significantly reduced due to the mental arithmetic task by 20%, 14%, and 25% 

respectively. It is interesting that maximum and minimum velocity were especially reduced by the 

presence of the mental arithmetic task compared to mean velocity over the same distance. According 

to these data it appears to be at these extremes in the normal range of walking velocities, away from 

mean velocity, where gait performance is most vulnerable to interference from a cognitive task. The 

reasons for reduction in walking velocity may be different for higher velocities than lower velocities. 

The interference effects of the working memory S3 task at minimum velocity is likely to be due to a 

combination of start-stop collision avoidance strategy seen in previous research (Dicks et al., 2016) 

and the stops and hesitations of walking seen in experiment one and in other dual-task research 

(Bloem, Valkenburg, Slabbekoorn, & Willemsen, 2001). Such discontinuous walking does not allow for 

the automated coordination of the movements of walking by the structures in the spine and 

peripheral nervous system described by Grillner & El Manira (2020). Therefore, one may expect more 

cognitive resource to be required for the coordination of locomotion and this will likely be exacerbated 

by the presence of the physical impairment suit as cognitive resource is required to overcome 

impaired functions of these same structures (Nóbrega-Sousa et al., 2020).The cognitive component of 

navigating dynamic environments alluded to in previous collision avoidance research (Cinelli & Patla, 

2008; Cinelli et al., 2009) is a plausible cause of some of the interference in the physical domain in 

light of the findings of experiment 1 where a one-way interference relationship affected performance 

of the walking task. Evidence of interference in the cognitive domain in the present experiment will 

suggest that a two-way pattern of interference as described by Anderson (2016, p. 310) was present 

and this will form part of the explanation of altered collision avoidance behaviours.  

In the current experiment, collision avoidance manoeuvres were performed 10% less with the 

concurrent working memory S3 task than without. Although eye-tracking was not a part of this study 

and analysis of gaze behaviours is therefore beyond the scope of this study it should be noted that 
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participants often appeared not to visually attend to the oncoming pedestrian at all. This behaviour 

was notable as it was very pronounced and participants appeared to disregard and stare right past the 

oncoming pedestrian, especially when struggling with the working memory S3 task. This behaviour is 

also notable because it reflects the findings of a recent study. Researchers have investigated the effect 

of a serial seven subtraction working memory task on gaze behaviour during a short step targeting 

exercise and found the task resulted in gaze being averted from task-relevant environmental features 

(Ellmers et al., 2016). A difference between the Ellmers et al. study and the present experiment is that 

the task included targets that must be stepped on whereas the present experiment included a 

pedestrian collision avoidance task. Obvious differences exist between the physical size of the task-

relevant physical features in both experiments, their velocities (a static ground target vs a walking 

human). Another important consideration here is the differences in gaze behaviours and visual field 

use between precision stepping on ground targets and pedestrian collision avoidance (Marigold, 

2008). Nevertheless, if it is indeed the case that participants in the present experiment direct gaze 

away from task relevant information as with the Ellmers study, availability of peripheral information 

notwithstanding, then such foveal gaze aversion is likely to form an important factor in cognitive-

motor interference. Such gaze behaviours are certainly worthy of further investigation as a potential 

factor in cognitive-motor interference whilst walking and, therefore, recording of eye movement will 

be useful in subsequent studies in this thesis.  

The distance at which the onset of the manoeuvres was initiated was not different between 

conditions, but the collision avoidance manoeuvres occurred at a later point in time in the mental 

arithmetic condition. The later avoidance makes sense since performing avoidance manoeuvres at the 

same distance whilst travelling at a lower velocity will obviously mean the avoidance manoeuvre being 

performed later in time than at a higher velocity. This finding suggests that the onset of collision 

avoidance is calibrated to the distance between pedestrians and occurs later in the mental arithmetic 

condition due to the lower walking speeds associated with the dual task. Previous work suggested a 

4-metre safety boundary in collision avoidance (Cinelli & Patla, 2008), whilst  the present experiment 
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found avoidance distances for single and dual-task conditions of 2.03 m and 1.85 m respectively. 

Although these are less than the 4-metre safety boundary in the Cinelli & Patla (2008) study, a 9.5-

metre pathway is likely to have afforded participants a greater window opportunity for collision 

avoidance. Additionally, in the present experiment the oncoming person was a live human (as opposed 

to an inanimate human shape, Cinelli et al 2008) being who was briefed to walk towards and intersect 

with the anticipated walking path of participants. These are very different types of avoidance tasks, 

and one may anticipate that these factors restrict the opportunity for an ‘ideal’ 4-metre safety 

boundary and result in shorter separation distances at the moment of onset of the collision avoidance 

manoeuvre.  

Previous research on a simulated pedestrian crossing also used a shorter walking runway, this time of 

6 metres, and use live humans as the collision avoidance pedestrians and also found shorter distances 

at onset of collision avoidance manoeuvres (Dicks et al., 2016). That study found a mean distance 

between participants and oncoming pedestrians of 2.78 m at the point of onset of the collision 

avoidance manoeuvre, less than the 4-metre safety boundary proposed by Cinelli and Patla (2008). 

Such safety boundaries may, therefore, be scaled according to several factors including runway 

distance and complexity of the avoidance task being undertaken. It is likely that the working memory 

task in the present experiment was a factor in the reduced safety boundary finding if increased time 

to visually gain certainty about the dynamic environment was necessary as proposed by (Cinelli et al., 

2009). 

In the avoidance manoeuvres of the present experiment the peak magnitude of mediolateral 

deviation was not different between conditions suggesting that participants did not take a wider path 

of avoidance. However, the length of the path taken was significantly longer in the mental arithmetic 

condition. Therefore, the avoidance path taken was less direct in the mental arithmetic condition and 

likely to contain multiple smaller deviations. This may suggest indecision and difficulty in avoidance 

route-planning with a concurrent working memory task. The effect of the oncoming pedestrian on 
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mental arithmetic performance presented here may support this suggestion. Figure 3-3 illustrates the 

difference in typical paths taken in the two experimental conditions. It appears that the altered path 

and possible difficulties in creating an appropriate collision avoidance manoeuvre on the part of the 

participant provokes a different kind of interaction with the oncoming pedestrian. In these illustrated 

examples the oncoming pedestrian was forced to make a sharper turn and a less smooth avoidance 

manoeuvre to accommodate the lack of avoidance behaviours of the participant under with the 

concurrent working memory S3 task. The demands in the cognitive domain caused by the mental 

arithmetic task may have directly interfered with route planning and trajectory prediction by the 

participant of the oncoming pedestrian if route planning and collision avoidance contain a cognitive 

element as previously proposed (Cinelli & Patla, 2008; Cinelli et al., 2009). However, it is also possible 

that the demands of the mental arithmetic task interfered with eye movements (Abeles & Yuval-

Greenberg, 2017; Ellmers et al., 2016) and therefore with perception and monitoring of the current 

trajectory of the oncoming pedestrian. With fewer collision avoidance manoeuvres made by the 

participants, and evidence of unequal burden of collision avoidance manoeuvres even where 

participants did avoid the pedestrian, the mental arithmetic task certainly appears to have potential 

to interfere with both perception and action during this simple walking task in addition to its effects 

upon gait control outlined in experiment 1. 

Cognitive Domain 

The presence of the oncoming pedestrian did affect working memory performance (i.e. decrements 

in S3 accuracy or response rate) in this experiment. Indeed, authors of previous collision avoidance 

research have speculated that route planning for collision avoidance is likely to contain a cognitive 

component (Cinelli & Patla, 2008). It is unclear from these data what it is about collision avoidance 

that interferes with mental arithmetic tasks in the cognitive domain. In particular, it is unclear how 

collision avoidance interferes with working memory performance as described by Diamond (2013) or 

Baddeley (20109) since working memory is a limited store for processing of different kinds of 
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information, most notably verbal/numerical or visuospatial. It seems plausible that working memory 

could be involved in the spatial monitoring of this dynamic environment. Alternatively, considering 

the common two-way cross-domain interference patterns describe by Anderson (2014), the reliance 

on, and reuse of, neural structures involved in vision for the present collision avoidance task is likely 

to resulted in interference from the visual domain if structures were required that were common to 

both the visual domain and cognitive domain tasks. The use of vision to anticipate the upcoming 

walking path has been investigated and previous authors have found a close coupling between look-

ahead distance and step placement as well as look-ahead time and step timing (Matthis et al., 2018). 

Matthis et al (2018) have speculated that their data suggests a role of working memory in these gaze 

behaviours. Recording performance data from the visual domain was beyond the scope of the present 

experiment but this data and the possible role of the visual domain in cognitive-motor interference 

provides a strong rationale for the inclusion of visual domain data in future studies. A limited amount 

of previous research has also found that a walking task interferes with a cognitive task during both 

treadmill walking (Szturm et al., 2013)and overground walking (Srygley et al., 2009). It is notable that 

the cognitive dual task in the study by Szturm et al (2013) was a Useful Field Of View task that also has 

a visuospatial component. This reinforces the need for a multidomain approach to investigating 

interference, especially with the inclusion of visual domain data, to investigate the possibility that 

neural reuse of structures common to functions in the visual and cognitive domains may result in 

interference with working memory and visuospatial tasks.  

In common with Experiment 1 of the present chapter, large differences were observed in many 

physical domain variables between conditions but the cognitive domain variables did not present large 

mean differences between conditions. In the present experiment, however, the reported differences 

did reach statistical significance. The effect sizes were small and the p-values closer to marginal values. 

An increased sample size may have produced a clearer effect. Variance in cognitive domain data has 

typically been quite large, especially in the dual-task conditions. This is likely to be the result of large 

differences in the extent to which individuals suffer cross-domain interference. It appears that 
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cognitive domain interference may prove to be relatively small and difficult to detect in comparison 

to physical domain interference. Indeed, there are differences in the types of measurement made 

between the domains described within this thesis. These range from the precise measurements based 

upon direct measurements of physical characteristics that can be made in the physical domain to the 

indirect measurements that can be made in the cognitive domain that may be relatively imprecise. 

Indeed, the indirect measurements made in the cognitive domain are indirect in part because the very 

definition of the thing that is to be measured, such as working memory for example, is the result of 

an abstract theory of the executive functions (Diamond, 2013). Interpretation of findings between 

domains should be made with this distinction in mind. 

Conclusion 

The present experiment aimed to investigate whether the one-way interference pattern found in 

experiment 1 would persist in a more demanding walking task in a dynamic environment. Evidence of 

a two-way cross-domain interference pattern emerged as the collision avoidance task resulted in a 

decrement of performance in the physical domain including collision avoidance behaviours and in the 

mental arithmetic variables in the cognitive domain. The behaviours displayed by participants suggest 

that the role of vision in cognitive-motor interference should be investigated, ideally through 

measurement of eye movements and gaze behaviours.  

3.5 Overall Conclusion 

The overall aim of this chapter was to quantify and compare the relative contributions of cognitive 

and overground walking tasks to cognitive-motor interference during walking and to reveal the 

direction of interference patterns between the performance domains. The first experiment confirmed 

the findings of previous studies such as reduced walking speed due to cognitive factors and built upon 

these previous findings by demonstrating that demands in two seemingly unrelated domains 

separately interfere with gait and together have an additive detrimental effect upon gait performance. 
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The experiment also demonstrated a one-way interference pattern the multitasking effects being 

found only in the physical domain. The second experiment introduced a dynamic collision avoidance 

exercise to the walking task and found that the working memory task reduced walking velocity and 

altered collision avoidance manoeuvres including reducing the number of avoidance manoeuvres 

taken. Importantly, the second experiment also found evidence of a two-way cross-domain 

interference pattern as the collision avoidance task produced interference effects in the cognitive 

domain as well as the concurrent interference effects of the working memory task in the physical 

domain.
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CHAPTER: 4 THE EFFECT OF A SIMULTANEOUS WORKING MEMORY TASK ON GAZE 

BEHAVIOURS AND WALKING PERFORMANCE DURING CONTINUOUS OVERGROUND 

WALKING. 

4.1 Abstract 

To begin to explore the role of vision in cognitive-motor interference, this chapter utilised a 

continuous overground walking task and investigated the interference effects between the visual, 

cognitive, and physical domains. This experiment further aimed to investigate the effects of striving 

for maximal performance in the physical and cognitive domains and to reveal the direction of the 

cross-domain interference pattern. 24 participants (M = 27.9; SD = 5.25 years) completed a continuous 

overground walking task over a figure-of-eight walking path with and without a concurrent working 

memory task (serial-seven subtractions) at comfortable walking speed and maximum walking speed. 

A head-mounted eye tracker was used to record whether participants’ gaze was oriented towards the 

walking path or elsewhere. Participants oriented their gaze towards the walking path most during the 

fast-walking condition (86% path-oriented) but at both walking speeds participants averted their gaze 

from the walking path more with a concurrent working memory task than in the conditions without 

(31% path-oriented for walking with working memory task and 45% path-oriented fast walking with 

working memory task). Time to complete the course was increased due to the mental arithmetic task 

by 10.6% and 17.3% for the comfortable pace condition and fast paced condition respectively. 

Significant interference effects were found in the visual and physical domains only (increased time to 

complete course), suggesting a one-way interference pattern where cognitive performance remains 

resilient but impacting upon the other two domains. The visual domain is vulnerable to interference 

from the cognitive domain during locomotion and this interference may have a central role in 

cognitive-motor interference. 

4.2 Introduction 
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The previous chapter in this thesis investigated the relative contribution of simulated physical 

impairments and working memory tasks on cognitive-motor interference and collision avoidance with 

an oncoming person. Key findings were that working memory tasks had a greater interfering effect 

upon dual-task performance than physical impairments. The effect of the working memory task in the 

physical domain was so great that it occasionally produced complete cessation of walking 

performance. Working memory tasks reduced the number of collision avoidance manoeuvres 

performed and resulted in participants walking a greater distance but without a greater peak 

mediolateral deviation. The first experiment demonstrated a one-way interference pattern effecting 

the physical domain but the addition of a collision avoidance task in the second experiment resulted 

in a two-way cross-domain interference pattern such as that described by Anderson (2016, p. 310).  A 

between-domain interference pattern extrapolated from the theory of Neural Reuse with reference 

to the chronology of the emergence of functions in human development would suggest that the visual 

domain may be vulnerable to interference from cognitive tasks in a similar way to the interference 

with locomotion. This is because vision arises earlier in human development than locomotion and both 

functions would therefore rely on neural structures that predate the development of the executive 

functions (D. I. Anderson et al., 2013; M. L. Anderson, 2016; Diamond, 2002; Fiske & Holmboe, 2019; 

Graven & Browne, 2008; Piek, 2006). 

Therefore, the following questions arising from the previous chapter will be investigated in this 

chapter: 1) Does a working memory task produce stops and hesitations in walking performance during 

continuous overground walking? 2) Are gaze behaviours altered by a concurrent working memory task 

during continuous overground walking? 3) Does increasing the cross-domain demands of each task by 

briefing the participant to perform as quickly as possible result in more dual-task interference and 

increase the occurrence of walking cessation? 

Many studies have investigated a variety of cognitive-motor interference factors including the effects 

of cognitive tasks on motor control, the reciprocal effects upon cognitive performance, and the 
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interference effect of different types of cognitive task (Al-Yahya et al., 2011). When walking, vision is 

the only means by which we can gain information about the environment beyond our immediate 

vicinity and vision is the exclusive driver of anticipatory strategies for adaptive locomotion (Higuchi, 

2013; Patla, 1997). The role of the visual domain in cognitive-motor interference has not benefited 

from the same wealth of research interest as interference between the cognitive domain and physical 

domains. As vision is such an important factor in locomotion, investigation into gaze behaviours as a 

relevant factor in cognitive-motor interference is long overdue. One previous study by Ellmers et al 

(2016) describes how gaze behaviours are altered by concurrent cognitive tasks during locomotion 

and found participants engaged in a working memory task tend to spend more time looking at task 

irrelevant information than task relevant information during a short targeted stepping task lasting 

around 5 seconds (Ellmers et al., 2016). The findings of Ellmers and colleagues are comparable to work 

conducted by Abeles and Yuval-Greenberg (2017) who found that during a seated cognitive task, 

participants oriented their gaze away from task-relevant areas for longer during more demanding 

cognitive tasks and when a faster moving distractor stimulus was in the visual field. The authors 

concluded that gaze aversion appears to reflect an active gaze avoidance strategy that is sensitive to 

both features in the visual field and the cognitive load imposed by the concurrent cognitive task. The 

sharing and reuse of neural structures between multiple functions (M. L. Anderson, 2010) may be a 

plausible explanation for such gaze aversion as gaze may be averted to avoid such resource 

competition. Experiments 1 and 2 in Chapter: 3 contained a cognitive load that was sufficient to 

disrupt walking performance. The mere act of walking would result in a changing visual field due to 

increased optic flow which may be sufficient to interfere with the cognitive task or produce such gaze 

aversions (Abeles et al., 2017). Such gaze aversion from visual distractors may explain the gaze 

behaviours found in the Ellmers study and will be investigated by the present experiment.  

The previous research by Ellmers et al (2016) was conducted over a short runway. In order to 

understand more about the relationship between gaze behaviours and cognitive-motor interference 

it is necessary to investigate the effects during continuous overground walking. This will afford the 
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opportunity to investigate whether the gaze aversion recorded by Ellmers et al was due to the 

precision nature of the stepping task or whether such gaze aversion is a continuous phenomenon 

affecting even the simple task of continuous walking. A further advantage of a continuous overground 

walking investigation is the opportunity to investigate the extent to which stops and hesitations in 

walking gait are a product of fluctuating load of the concurrent cognitive task, the effect of 

environmental constraints such as sticking to a walking path under cognitive load conditions, or a 

combination of the two. In subchapter 3.3 of this thesis the interruptions to fluid walking performance 

appeared to be related to the working memory task. Therefore, the opportunity to observe the effect 

on walking performance during continuous overground walking will provide a new context for the 

investigation of such interrupted gait. In previous cognitive-motor interference studies during 

overground walking step rate and measures of variability (Al-Yahya et al., 2011; Springer et al., 2006) 

have been used in addition to the common measures of speed or time to complete the course (Al-

Yahya et al., 2011; Ellmers et al., 2016).  

In previous research, tasks with the higher cognitive load resulted in more gaze aversion (Abeles & 

Yuval-Greenberg, 2017) and interruption in gait (Bloem, Valkenburg, Slabbekoorn, & Willemsen, 

2001). There is increasing evidence to suggest that cognitive-motor interference occurs during 

concurrent performance in multiple domains. Therefore, increasing the cross-domain performance 

demands during continuous overground walking will provide an insight into the interference pattern 

between the physical, cognitive, and visual domains. Increasing the performance demands in the 

physical and cognitive domains may reveal some more enlightening characteristics of cognitive-motor 

interference, especially gaze behaviours and the more extreme effects on gait, including stops and 

hesitations. Finally, such a cross-domain approach will enable further analysis of the direction of 

interference patterns between the physical, cognitive, and visual domains. 

4.2.1 Aims 
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This chapter aims to investigate cross-domain interference during continuous overground walking 

with the inclusion of the visual domain. This chapter further aims to investigate the effects of striving 

for maximal performance in the physical and cognitive domains and to reveal the direction of the 

cross-domain interference pattern. 

4.2.2 Hypotheses 

This experiment tests the following hypotheses for visual domain variables: 1) that when walking path 

dwell time (proportion of trial where gaze is oriented towards the walking path) will be significantly 

altered by the concurrent working memory task 2) that path dwell time will be altered during maximal 

effort, resulting in less dwell time on task relevant environmental features. 

The following hypotheses for physical domain variables state that there will be a significant change in 

walking variables 1) during a simultaneous cognitive task and 2) during maximal effort of a 

simultaneous walking and cognitive task and that 3) more stops and hesitations will be exhibited by 

participants with a working memory task and during the maximal performance conditions. 

The following hypotheses for cognitive domain variables state that: 1) response rate and response 

accuracy in the mental arithmetic cognitive task will be significantly reduced during a simultaneous 

walking task and 2) during maximal effort of both tasks.  

The hypotheses for dual-task costs states that dual-task costs will be different between cognitive and 

physical performance domains. 

4.3 Methods 

4.3.1 Participants 

24 participants aged 20-39 years (M = 27.9; SD = 5.25 years) were recruited from the university campus 

and the local area after responding to local advertisements seeking people aged 18-39 with no 
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walking-related physical impairments. Previous research on gaze behaviours during locomotion has 

found effect sizes of between 0.75 and 0.99 in previous gaze behaviour research during locomotion 

(Young, Wing, & Hollands, 2012). Power calculation performed with G*Power (Faul et al., 2007) 

determined that with a conservative effect size of 0.5 in visual domain data, a sample size of 22 

participants would be sufficient to achieve a power value of 80%. All participants signed a written 

consent form prior to testing. The study was approved by the University’s ethics committee and 

conducted in accordance with the Declaration of Helsinki. 

4.3.2 Experimental setup 

A one-metre wide, figure-of-eight track was marked out on the floor of the laboratory (Figure 4-1), 

following pilot test of track layout design (Subchapter 10.1) and to minimise asymmetrical loading of 

the neuromuscular system (Hess, Brach, Piva, & VanSwearingen, 2010). The figure of eight was 

consisted of two intersecting circular tracks each with an external diameter of 4.36 metres and an 

internal diameter of 2.36 metres. The length of one lap of the figure of eight track, along the centre 

line of the path, was 21.1 metres. 
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Figure 4-1. Layout and dimensions of figure-of-eight walking track 

Video recordings were made of each trial (iPad Pro, Apple Inc., Cupertino, CA) standing on a static 

tripod at 30 Hz. Participants wore binocular mobile eye-tracking glasses to record point-of-view video, 

audio, and record eye movement data at 100 Hz (Tobii ProGlasses 2, Tobii AB, Stockholm, Sweden). 

Responses to the cognitive task were recorded by the built-in microphone on the eye-tracking glasses. 

The eye-tracking glasses also contain an on-board accelerometer sampling at 100 Hz which was used 

to derive footstep data throughout the trials (Chapter: 10).  

4.3.3 Procedure 

Participants performed a combination of a cognitive (working memory) task and a walking task at two 

different intensities: at their natural pace or at their maximum pace. For the walking task participants 

were asked to complete three laps of the figure-of-eight course and for the cognitive task participants 

were asked to perform serial seven subtractions, counting backwards aloud from a given three digit 

number (Al-Yahya et al., 2011; Ellmers et al., 2016; Hess et al., 2010). Each participant performed the 

following five trials, the order was counterbalanced across all participants: 
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(i) Seated Serial Seven subtraction working memory task (S7F), (ii) Walking at a comfortable pace only 

(W), (iii) Walking Fast only (WF), (iv) Walking and Serial Seven subtraction at a comfortable pace (WS7), 

and (v) Walking and Serial Seven subtraction Fast (WS7F).  

The pace was the same for the two tasks in any given trial. For fast paced trials participants were asked 

to perform both the walking task and the serial seven subtractions at maximal speed together. For 

comfortable paced trials, participants were asked to walk and perform the cognitive task together at 

comfortable speed. This was to avoid forcing a direction of interference pattern by asking participants 

to prioritise performance in one domain over another. The goal was to allow interference direction 

and domain prioritisation to be neutral or naturally emerge. 

For the serial seven subtraction baseline task participants sat on a chair facing a blank wall to minimise 

distractions and performed as many serial seven subtractions as possible from a given three-digit 

number for 45 seconds. For all serial seven trials, it was explained that each response would be marked 

as correct if it is seven below the previous response regardless of errors that may have been made 

earlier in the trial. Therefore, participants should not waste time trying to correct wrong answers nor 

worry if they had forgotten the number they had counted to. During ‘fast’-paced trials each participant 

was briefed to walk at their maximum pace and to keep the pace high throughout. For all other walking 

trials, participants were asked to walk at their own comfortable pace. Following the briefing all 

participants completed one familiarisation trial walking three laps of the track and counting at 

maximum pace. 

4.3.4 Data processing and analysis 

 Performance variables were calculated for each domain using the procedure and equations described 

in this section.  

Visual Domain 
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Following data collection, point-of-view video and raw gaze data marker were exported from Tobii Pro 

Lab software (version 1.102, Tobii AB, Stockholm, Sweden) for analysis. Frame by frame analysis of 

raw eye tracking data has previously been used as a ‘ground truth data set’ by which saccade and 

fixation algorithms have been validated (Stuart, Galna, Lord, Rochester, & Godfrey, 2014). Further, 

automatic gaze analysis is likely to have caused unnecessary data loss during filtration and 

classification in comparison to frame-by-frame manually encoded data (Venker et al., 2019). 

Therefore, frame-by-frame analysis was the most appropriate method for this investigation into gaze 

orientation.  

Following export video data, including gaze data, was imported to video editing software (Premier Pro 

CC, Adobe Inc., San Jose, CA) and synchronised with externally recorded video for analysis by aligning 

an event frame in both video timelines. Gaze location was manually encoded frame-by-frame as either 

1 (gaze marker on path), 2 (gaze marker off path), or 3 (no data) (Figure 4-2 & Figure 4-3). In many 

trials very brief gaps in the data occurred when the pupil was momentarily obscured by blinks, hair, 

or by reflections on the cornea, for example. A human blink is around 0.1-0.4 seconds in duration 

(Schiffman, 1990). Therefore, gaps in data that persisted for two frames or less (≤ 0.08 seconds) were 

assumed to be momentary loss of data in the eye tracker recording, based upon a conservative reading 

of minimum blink duration in the literature, and not be indicative of a blink or a change in gaze 

location. For very brief gaps in the data such as these, gaze orientation was assumed to remain at the 

previous location for up to two frames. Gaps in the data longer than two frames (> 0.08 seconds), such 

as blinks or longer interruptions in the data due to environmental factors, were marked as ‘no data’. 

Encoding of data was compared between the primary investigator and another rater and the similarity 

for path, off-path, and no data categories was 96%, 83%, and 98% respectively. Custom scripts were 

created in MatLab to dwell time percentages across all participants (MatLab 2019a, MathWorks, 

Natick, MA). 
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Figure 4-2. Task-relevant gaze. Gaze oriented towards the walking path with inset synchronised 

external video. 
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Figure 4-3. Task-irrelevant gaze. Gaze oriented away from the walking path with inset synchronised 

external video. 

Gaze Dwell Time On Path was the percentage of time that the gaze marker fell on the track calculated 

as follows: Gaze on Track = (Number of frames of Gaze on Path / Total number of frames containing 

gaze data)*100. Where gaze location was divided into task relevant (walking path) and task irrelevant 

locations (areas other than the walking path) during a walking trial (Ellmers et al., 2016) using a frame-

by-frame basis (Stuart, Galna, Lord, Rochester, & Godfrey, 2014).  

Cognitive Domain 

Responses to the cognitive task were marked on the timeline of the video file in Adobe Premiere Pro 

CC (Adobe Systems, San Jose, CA), manually transcribed to spreadsheets, and custom scripts were 

created to produce response rate and response accuracy variable data from these spreadsheets in 

MatLab (MatLab 2019a, MathWorks, Natick, MA). Markers for each cognitive task responses were 

each placed at the end of the last syllable of the three-digit number on the timeline. After the first two 

numbers of a three-digit number were vocalised, it was common for the participant to hesitate before 
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vocalisation of the third digit whilst the mental arithmetic was performed. Responses to the serial 

seven subtraction task were recorded as correct if they were 7 below a previous response regardless 

of errors made in previous calculations. Therefore, an error did not yield a stream of incorrect answers 

simply because they did not match a list predicted by the initial number given. 

Serial Seven Response Rate: Response Rate (R/s) = Total number of responses / trial duration. Serial 

Seven Response Accuracy is the correct responses expressed as a proportion of the total number of 

responses: Response Accuracy (%) = (Number of correct responses / Total number of responses)*100. 

Physical Domain 

Accelerometer data were exported from the eye-tracking glasses and a custom script was written in 

MatLab to smooth resultant accelerometer data with a moving average filter with a window of 20 

frames. Steps were identified using a custom script for peak identification of resultant data from the 

tri-axial accelerometer (atotal = sqrt (x2 + y2 + z2). To accommodate differences in gait between 

participants, footwear, and condition, settings within the script were tailored to each trial with a 

manual visual input to identify the first step and peak threshold on an automatically generated graph 

in MatLab. The external video which was synchronised with the gaze video was used as a check for 

step identification accuracy. A MatLab script calculated the time difference between the first foot 

contact over the start line at the start of the first lap and the first foot contact over the line at the end 

of the third lap. 

Step rate: Step Rate (Steps/s) = Number of steps to complete three laps / trial duration. The coefficient 

of variation has also been widely studied as a measure of cognitive-motor interference (Al-Yahya et 

al., 2011). Step time variability (coefficient of variation): Step time variability (CV) = ((Standard 

deviation step time/mean step time)*100) (Beauchet, Dubost, Herrmann, & Kressig, 2005). Time to 

complete the course: has been calculated as the total time taken to complete three laps from the first 

foot contact beyond the start line of the first lap to the first contact beyond the start line at the end 
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of the third lap. Stops and Hesitations: a count of the number of times participants visibly stopped 

walking or exhibited hesitant movements during trials (Bloem, Valkenburg, Slabbekoorn, & Willemsen, 

2001; Camicioli et al., 1998). 

Dual Task Costs 

Where dual-task interference has been found, dual task costs have been calculated to assess the size 

of the decrement within the performance domain. This allows for comparison of performance 

decrement between physical and cognitive domains and may reveal a ‘prioritisation’ effect where 

dual-task interference is exhibited in one performance domain more than another. The formula for 

calculation of dual task costs is the same as that used in previous research (Ellmers et al., 2016): 

DTC (%) = 100*(single task score – dual task score)/single task score.  

4.3.5 Statistical analysis 

Means and standard deviations were calculated for variables of each condition and data were tested 

for normality (SPSS, version 26, IBM, New York, NY). Repeated measures ANOVA was used to test for 

differences between conditions (Visual Domain: Dwell time on path (%), Cognitive Domain: Response 

rate (r/s), Response accuracy (%) Physical Domain: Time to complete course (s)), Step rate (s/s), Step 

time variability) of parametric data. Friedman’s test used to identify differences in non-parametric 

data. Post hoc pairwise comparisons were made to identify where differences occurred using an alpha 

level 0.05, and Bonferroni corrections were applied to adjust for multiple comparisons. Effect size is 

reported as Cohen’s d (0.2 Small, 0.5 Medium, 0.8 Large effect), unless the assumption of normality 

was violated, whereby effect size is reported as r = Z/SQRT N. 

4.4 Results 

4.4.1 Visual Domain 
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The proportion of time that gaze was oriented towards the path ranged from 0% to 100% in the fast 

walking and working memory condition (WS7) illustrating a wide dispersion of data. The narrowest 

dispersion of data was in the fast-walking condition (WF) where data ranged from around 50% to 100% 

of the trial spent with gaze oriented towards the track (Figure 4-4). The proportion of time spent with 

gaze oriented at the path (%) was significantly different between the W (M = 58.84, SD = 26.40), WF 

(M = 85.50, SD = 13.28), WS7 (M = 31.79, SD = 25.12), and WS7F (M = 45.19, SD = 31.00) conditions 

(𝜒2
F(3)=37.38, p<0.001). Post-hoc tests with Bonferroni correction revealed significant differences 

between conditions (Figure 4-4). It was notable that the presence of the serial seven subtraction task 

did result gaze being oriented away from the walking path at both performance briefing levels.  

 

Figure 4-4. Percentage of trial where gaze was oriented towards the track. *p = 0.008, r = 0.592; **p 

= 0.026, r = 0.503; ***p = <0.001, r = 0.619; ****p = 0.001, r = 0.565. 
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4.4.2 Cognitive Domain 

The accuracy (%) of responses to the serial seven mental arithmetic task were not significantly 

different between S7F (M = 89.76, SD = 18.39), WS7 (M = 88.72, SD = 15.19), and WS7F (M = 82.81, SD 

= 27.43) conditions (𝜒2
F(2)=0.179, p=0.914) (Figure 4-5). However, for Response Rate data (r/s), 

Mauchley’s Test of Sphericity was met (χ2(2) = 4.25, p = 0.119) and significant differences were found 

between S7F (M = 0.47 r/s, SD = 0.16), WS7 (M = 0.38 r/s, SD = 0.11), and WS7F (M = 0.41 r/s, SD = 

0.14) conditions (F(2,44) = 13.109, p = <0.001, ƞ2 = 0.373). Pairwise comparisons with Bonferroni 

correction revealed significant reduction in response rate between the seated baseline condition and 

the two walking conditions (Figure 4-6). Response rate was therefore reduced when walking 

compared to when seated but the fast performance level condition had no further effect on response 

rate. 

 

Figure 4-5. Percentage of correct responses of serial seven task per condition. 
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Figure 4-6. Response Rate per condition. *p = 0.003, d = 0.913; **p = 0.012, r = 0.681. 

4.4.3 Physical Domain 

Friedman’s Test revealed that Step Rate was significantly different between the W (M = 1.86 step/s, 

SD = 0.13), WF (M = 2.31 step/s, SD = 0.28), WS7 (M = 1.81 step/s, SD = 0.15), and WS7F (M = 2.13 

step/s, SD = 0.20) conditions (𝜒2
F(3)=57.73, p<0.001). Post-hoc tests with Bonferroni correction 

revealed that step rates in the fast-walking conditions were near identical and higher than the step 
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rates in the comfortable pace conditions (Figure 4-7). Therefore, the speed instruction but not the 

presence of a mental arithmetic task affected step rate. 

Step time variability was significantly different between the W (M = 6.03, SD = 1.37), WF (M = 7.79, SD 

= 2.62), WS7 (M = 6.33, SD = 1.67), and WS7F (M = 6.83, SD = 1.23) conditions (𝜒2
F(3)=23.24, p<0.001). 

Post-hoc tests with Bonferroni correction revealed significant differences between conditions for step 

time variability (Figure 4-8). Step time variability was different between conditions with different 

speed instructions but there was no difference due to the presence of the mental arithmetic task. 

A repeated measures ANOVA with Greenhouse-Geisser correction found that time to complete course 

was significantly different between the W (M = 43.13 s, SD = 5.72), WF (M = 29.30 s, SD = 4.52), WS7 

(M = 47.66 s, SD = 9.04), and WS7F (M = 34.39, SD = 4.53) conditions F(1.72,37.83) = 63.628, p = <0.001, 

ƞ2 = 0.743. (Figure 4-9). Participants did complete the course in less time in the conditions where they 

were instructed to complete the course as quickly as possible. Participants reduced time to complete 

the course by 32% when instructed to walk as quickly as possible in the absence of the S7 task. The 

serial seven subtraction task resulted in increased times to complete the course in both comfortable 

paced and fast paced conditions. With the mental arithmetic task participants took on average 4.5 

seconds longer to complete the course in the WS7 condition and 4.62 seconds longer in the WS7F 

than the W and WF conditions respectively. This represents an increase of course completion time 

due to the mental arithmetic task of 10.6% and 17.3% for the comfortable pace condition and fast 

paced condition respectively. There was not a single instance of a participant exhibiting any stops or 

hesitations of walking performance across any of the trials. 
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Figure 4-7. Step Rate. *p = <0.001, r = 0.619; **p = 0.004, r = 0.614; ***p = <0.001, r = 0.619; ****p 

= <0.001, r = 0.614. 
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Figure 4-8. Step Time Variability. *p = <0.001, r = 0.484; **p = 0.004, r = 0.458; ***p = 0.008, r = 

0.444. 
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Figure 4-9. Time to complete course. *p = <0.001, d = 2.713; **p = 0.018, d = 0.66; ***p = <0.001, d 

= 1.388; ****p = <0.001, d = 2.188; *****p = <0.001, d = 1.227; ******p = <0.001, d = 1.352. 

4.4.4 Dual-task costs 

No significant differences were found between the dual-task costs (%) in the physical domain (M = 

10.72, SD = 17.5) or cognitive domain (M = 17.36, SD = 22.04) when tasks were performed at a 

comfortable pace (Z = -1.217, p = 0.224) or in the physical domain (M = 18.52, SD = 16.96) or cognitive 

domain (M = 13.05, SD = 19.82) when instructed to perform as fast as possible (Z = -0.633, p = 0.527). 

Therefore, the dual-task costs in the physical domain were not significantly different to those in the 

cognitive domain at either instructed speed.  

4.5 Discussion 
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This experiment aimed to investigate cross-domain interference during continuous overground 

walking with the inclusion of the visual domain. This experiment further aimed to investigate the 

effects of striving for maximal performance in the physical and cognitive domains and to reveal the 

direction of the cross-domain interference pattern. The hypotheses associated with the visual domain 

were accepted as path dwell time was altered by the presence of simultaneous cognitive task and 

during maximal effort, resulting in less dwell time on task relevant environmental features. The 

hypotheses associated with the physical domain variables were accepted as these variables were 

demonstrated interference from the working memory task and during the maximal performance 

conditions. The cognitive domain hypotheses were rejected as performance of the working memory 

task was not affected by interference from walking speed. Walking did however result in poorer 

performance of the working memory task compared to the task performed seated. Dual-task costs 

found no difference between the physical and cognitive domains, rejecting this hypothesis. 

4.5.1 Visual Domain 

Gaze dwell time on path was compared when walking at comfortable pace with and without the 

simultaneous working memory task of serial seven subtractions. At a comfortable pace, without the 

serial seven subtraction task, participants oriented their gaze towards the track for an average of 59% 

of the trial and this significantly reduced to 32% of the trial with a simultaneous working memory task. 

These reductions were greater when participants performed both tasks with the instruction to walk 

as fast as possible and count as fast as possible. Walking as fast as possible, without the presence of 

the mental arithmetic task, participants oriented their gaze towards the track for 86% of the trial and 

no participant spent less than 50% of the trial with gaze oriented towards the track. Walking and 

counting as fast as possible with the working memory task, resulted in gaze dwell time on path 

significantly reducing to 45% of the trial. The dispersion of the gaze data also became much wider with 

the introduction of the working memory task, especially in the fast instruction conditions where 

walking fast had a SD of 13.28 % and walking fast with serial seven task had an SD of 31.00 %. It appears 
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that faster walking results in more tightly disperse data but a concurrent serial seven task produces 

more widely dispersed data, perhaps evidence of interpersonal differences in strategy or capacity in 

simultaneous performance of these tasks. In the fast walking condition all participants oriented gaze 

towards the track between 50% and 100% of the trial. The instruction to walk as fast as possible 

strongly elicited a path-oriented gaze behaviour. As such, it appears likely that there is some 

advantage to orienting gaze towards the path when walking fast even on a simple figure-of-eight path. 

Previous research described a coupling between gaze behaviours and stepping location even when 

walking on clear flat surface (Matthis et al., 2018) and concluded that the reasons for such a tightly 

coupled eye movement and locomotion relationship is, in part, to gain certainty about the 

environment in which one is walking. The constant temporal look-ahead window and tuning of gaze 

to environmental features found by Matthis et al (2018) suggests that it is especially important to look 

at the walking path when moving quickly. That finding explains the path-oriented gaze behaviour in 

fast walking condition but makes the occurrence of gaze aversion in the working memory task 

conditions more unexpected. As the present experiment did not contain the use of stepping targets, 

and step location was therefore relatively unconstrained, one may conclude that peripheral vision was 

sufficient to acquire navigational cues and avoid stepping outside the bounds of the walking path 

(Graci, 2011; Marigold, 2008). Whilst navigational cues may be acquired by peripheral vision, it is 

notable that gaze was not averted during the single-task condition, but it was during the dual-task 

condition. If a large foveal dwell time percentage on the walking path was not required under dual-

task conditions, then why should such a large dwell time be allocated to the walking path under single-

task conditions? This question is especially is especially pertinent if the simplicity of the walking task 

means that navigation can be achieved by peripheral vision? In addition to the work of Matthis et al 

and Ellmers et al, notable earlier work on precision stepping describes the challenges related to the 

requisite accuracy including fixating targets before the corresponding foot leaves the floor and the 

relevance of the timing of the saccade away from foot placement location (M. A. Hollands & Marple-

Horvat, 2001; Mark A Hollands, Marple-Horvat, Henkes, & Rowan, 1995; Young & Hollands, 2010). 
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Such stepping would indeed require fixation by foveal vision. Walking path-oriented gaze behaviours 

may perhaps be understood in the absence of a precision stepping task in the present experiment by 

considering other factors in related research. Other previous research found that gaze tends to orient 

towards the direction of the end point before making postural adjustments to turn towards the end 

point (Courtine & Schieppati, 2003b, 2003a; Hicheur, Vieilledent, & Berthoz, 2005; Mark A Hollands, 

Patla, & Vickers, 2002). It seems plausible that such alignment of gaze followed by postural alignment 

of the head and torso in advance of changes in direction may persist even when such high frequency 

visual sampling is not required. Either way, there appears to be a mystery in this finding. Perhaps the 

persistence of higher path-oriented dwell times in single task conditions despite lower path-oriented 

dwell-times in the dual-task condition is the result of some kind of precautionary principle or built-in 

redundancy. On the other hand, the increased time to complete the course may have been the 

product of the reduced path-oriented dwell times in the dual-task condition. Such an interpretation 

reframes the interference effects in the physical domain as an adaptation to altered gaze behaviours.  

Although there is a very limited amount of previous research that has investigated the cognitive-motor 

interference effects on gaze behaviours, the results presented here are similar to previous findings in 

so far as participants made more and longer fixations on task-irrelevant areas of the environment 

under dual-task conditions (Ellmers et al 2016). Working memory is the cognitive function that 

interferes with walking and, in these studies, gaze behaviours. Working memory is also thought to 

contain a component for processing visuospatial information and working memory is thought to be a 

resource of limited capacity (A. Baddeley, 2010). Therefore, one may expect working memory to be 

required when visually and physically interacting with the environment. The fact that gaze aversion 

occurred both over short periods of around 5 seconds in the study by Ellmers et al (2016) and during 

extended periods of continuous overground walking in the present study is interesting. If working 

memory is required for navigation of a figure-of-eight walking path then, in the longer trials of the 

present experiment, one may not expect the whole path to be integrated into the visual working 

memory with its limited capacity at the start of the trial. However, one may have expected that gaze 
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aversion, due to interference with a working memory task, may not have been necessary during the 

short walking path in the Ellmers et al (2016) study because it could have been integrated into 

visuospatial working memory at the start of the trial. Such a process would have liberated working 

memory resources for the remainder of the trial and there would be no need for interference. 

Baddeley’s (2010) theory of working memory also contains an Episodic Buffer for integration of visual, 

auditory, and other information and is itself of limited capacity. One assumes that it is possible for the 

influx of visual information into working memory, perhaps initially via or latterly integrated through 

the episodic buffer, to be the interfering factor with gaze behaviours rather than the short-term 

storage itself of visual information. Such an interpretation of the findings relies of interpreting 

overlaps in function from Baddeley’s (2010) theory of working memory. However, other recent 

research also demonstrates altered gaze patterns due to cognitive tasks but in that case the behaviour 

was attributed to aversion from a distractor rather than the cognitive load of integrating visuospatial 

information (Abeles & Yuval-Greenberg, 2017). In that study seated participants oriented gaze away 

from a centrally presented on-screen visual stimulus when engaged in a simultaneous mental 

arithmetic task. The researchers found that fast-moving visual stimulus resulted in more aversion 

behaviours and longer aversions than slower-moving stimulus. Researchers also found a correlation 

between the difficulty of the mental arithmetic task and the aversion gaze behaviours. In that study 

the interference between the cognitive task and gaze behaviours is unlikely to be related to the visual 

interpretation of 3D space since the task was screen-based and performed seated.  

The present experiment builds upon this finding by demonstrating that gaze behaviours are altered 

when participants perform a working memory task when walking. It is conceivable that increased optic 

flow when walking in the present experiment acted as a distractor stimulus in a similar way to the 

stimulus in the Abeles and Yuval-Greenberg (2017) study. Optic flow is the pattern of relative 

movement in the visual field that provides information to the viewer about their movement through 

an environment (Horn & Schunck, 1981; Warren, 1998). If the optic flow created by the walking task 

in the present experiment did function like a distractor stimulus, in a similar way to the visual array in 
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the Abeles and Yuval-Greenberg study, then gaze must be averted to slower-moving or low-

information-density areas of the visual field in order to preserve cognitive performance. It is possible 

that gaze is being oriented away from the ground in the immediate vicinity of the walker because 

distant ground as well as distant features such as walls or the horizon will appear to move more slowly 

in the visual field than features proximal to the walker, such as the immediate walking path (Abeles & 

Yuval-Greenberg, 2017). Whether gaze aversion is due to functional conflicts between working 

memory and integration of visuospatial information or whether it is a feature of distractor stimuli 

presented to the retina, neural reuse presents a structural basis for such interference that may be 

more fundamental in nature than functional conflicts. As such, a reading of the theory to explain the 

interference of gaze behaviours by working memory tasks requires only that there are neural 

structures that are involved in supporting gaze behaviours and working memory. It is sufficient for the 

functions to share underlying structures and not strictly necessary for them to share any functional 

components. However, from a developmental perspective, it appears that despite arising at different 

points in early human development, functions continue developing together in a way that one might 

consider a mutual feedback loop resulting in both shared neural structures and functional co-

dependency. Such a developmental feedback loop is considered in human development of visual 

attention and working memory (D. I. Anderson et al., 2013).  

There are two primary novel findings here that extend the current understanding of cognitive-motor 

interference on gaze behaviours. 1) Gaze aversion from task-relevant environmental features occurs 

under dual-task conditions even over extended periods of time up to at least one minute of continuous 

walking. 2) Gaze is oriented to the track more when participants are instructed to walk as fast as 

possible than during comfortable pace walking and this behaviour is sacrificed in the presence of a 

demanding mental arithmetic task. 

4.5.2 Cognitive Domain 
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Participants produced responses to the serial seven task significantly more slowly in both walking 

conditions than during the seated condition. However, participants did not produce responses at a 

different rate between the fast-walking condition and the comfortable pace walking condition. 

Therefore, walking does appear to reduce the speed of responses to the cognitive task and also 

prevent performance being maintained at the faster rate during maximal performance. Accuracy in 

the serial seven subtraction task was not affected by the presence of the walking task nor by the effort 

to maximise performance across tasks. Comparison of these cognitive domain findings with physical 

domain findings, for example, should be treated with caution. As outlined in subchapter 3.3.4, 

cognitive domain measurements are fundamentally less direct than those in the physical domain to 

the extent that they are taken to be an indication of performance of assumed internal Executive 

Functions such as Working Memory. Nevertheless, the response rate data presented here does not 

have a marginal p-value and the effects sizes are moderate to large. Whilst caution in interpretation 

between these domains must be maintained, I am confident that a type 1 error is not present in this 

response rate finding. 

The effect of cognitive-motor interference upon performance of the working memory task is not as 

widely reported in the literature as the effects in the physical domain. However, younger people have 

been reported to produce around 7% fewer responses to the serial seven subtraction task and made 

46% more subtraction errors when walking than when seated, whereas older people produce around 

10% fewer responses and make 38% more subtraction errors when walking than when seated (Srygley 

et al 2009). Furthermore, previous dual-task walking research with a concurrent working memory 

(serial-three subtractions) observed participants walking at submaximal speeds of 100%, 60%, and 

20% of spontaneous walking speed on a treadmill (Nascimbeni, Minchillo, Salatino, Morabito, & Ricci, 

2015). This research found reductions in performance of the cognitive task at 100% and 20% of 

spontaneous walking speed but at 60% walking speed the performance of the working memory task 

was preserved at the expense of walking task performance. However, in the present experiment 

interference was not significantly improved or worsened in the maximal performance condition. 
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Neither were more mistakes made due to the presence of the walking task or in the higher 

performance condition in the present research. In contrast to the cognitive domain findings of 

subchapter 3.3, interference was found in the cognitive domain due to the presence of an overground 

walking task, but this was not altered by increasing walking speed compared to the comfortable pace 

condition. This is further evidence of the two-way interference relationship between tasks in the 

cognitive and physical domains. 

4.5.3 Physical Domain 

Participants stepped at a faster rate and were able to complete the course in significantly less time in 

the trials where they were instructed to perform at a fast pace during the trial demonstrating that 

participants did respond to the instruction to maximise performance of the walking task. Neither step 

rate nor step time variability were affected by the concurrent working memory task. However, in the 

comfortable pace walking trial and the maximum performance walking trial, participants did take 10% 

and 17% respectively longer on average to complete the course due to the concurrent working 

memory task. These findings are in broad agreement with findings related to walking speed in a range 

of different experimental setups cited (Al-Yahya et al., 2011; Ellmers et al., 2016) and with the findings 

of Chapter: 3 of this thesis. The larger increase in course completion time in the due to the working 

memory task in the fast-paced conditions is a novel and interesting finding that may suggest that 

altered gaze behaviours play a causal role in the disruption of gait due in cognitive-motor interference. 

The relatively narrow dispersion of visual domain data between participants during fast walking 

suggests that path-oriented gaze behaviours are beneficial to the task especially at high speed. The 

increase in dispersion of dwell time data with the concurrent working memory task when walking fast 

may suggest that the increase in time to complete the course in the present subchapter may be due 

to altered gaze behaviours and reduced visual sampling of the environment. Discussion of the 

automaticity of walking is relevant here. As described in the preceding chapters of this thesis, walking 

is a complex task that requires synchronicity of factors across multiple performance domains and the 
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automaticity of this task is the ability of the nervous system to perform this task with minimal use of 

attention-demanding and executive control resources (Clark, 2015, p. 1.). As described by Clark, 

walking is a task that is rarely solely under the control of automatic or executive control processes 

(Clark, 2015). It is clear that structures such as central pattern generators contribute to neuromuscular 

and biomechanical automaticity (Clark, 2015; Rossignol et al., 2006) as do neural structures in the 

retina and elsewhere contribute to the automaticity of vision and oculomotor control (Land, 2006; 

Lencer & Trillenberg, 2008; Morén, Shibata, & Doya, 2013). These discrete automatic processes 

integrate into emergent automatic behaviours. An example of this is automatic postural adjustments 

in response to peripheral visual cues (Bardy et al., 1999). However, in many cases the automaticity of 

these processes are situation dependent and the use of more cognitive resources may be necessary 

to bolster otherwise automatic process, as in the case of the cognitive processes behind anticipatory 

smooth pursuit eye movements (Barnes, 2008). Therefore, it is unclear at this stage what balance 

exists between automatic and executive control in the simple walking task used in the present 

experiment. However, should these discrete processes share neural structures, or require 

simultaneous executive control at any point in time then the opportunity for interference clear. 

The basis for an interpretation of these findings in reference to neural reuse and the executive 

functions is developmental. As discussed in the review of literature (2.2.3), functions that arise early 

in human development rely on neural structures that necessarily also arise earlier than later-arising 

functions. Therefore, these structures are available for reuse by those functions that arise later (M. L. 

Anderson, 2016). Although there is considerable overlap in the development of visual functions and 

locomotor functions, it is likely that the visual functions begin to arise earlier in development (Graven 

& Browne, 2008) and these structures are therefore available to reuse to support the developing 

locomotor functions of the young human later in development (D. I. Anderson et al., 2013). More 

research will be required to understand the interference pattern between the visual and physical 

domains. In particular, little is known about the circumstances under which performance in the visual 

and physical domains interfere and it is also not known whether such interference will follow a one-
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way or two-way pattern. Especially considering the importance of vision in locomotion (Patla, 1997), 

it should be unsurprising that working memory tasks interfering with vision should also have such a 

profound effect on locomotor performance. 

It is interesting that in subchapter 3.3 of this thesis the presence of a working memory task was 

sufficient to cause hesitation and complete cessation of walking, but such interruptions were 

completely absent in the present experiment. Compared to shuttle walks along a corridor or 

navigating a tortuous course or cluttered environment, tasks that are common in the literature, the 

simple figure-of-eight walking task in the present experiment was continuous and relatively non-

demanding in terms of navigation. Indeed, subchapter 3.3 in this thesis utilised a shuttle type walking 

task founds stops and hesitations in walking performance were common, comparable to observations 

made in previous research (Bloem, Valkenburg, Slabbekoorn, & Willemsen, 2001). However, in the 

current chapter utilising a continuous over-ground walking task, not a single stop or hesitation was 

observed in walking performance. This was an unexpected finding as the more demanding serial-seven 

subtraction task was used in this chapter compared with the serial-three subtraction task of the 

previous chapter. Contrasted with the emergence of interrupted gait during straight shuttle walking 

in Chapter: 3, the absence of any gait interruptions during continuous overground walking in the 

present chapter is a novel contribution to the literature. It was expected that continuous overground 

walking would allow for more disrupted gait patterns to emerge due to cognitive factors and the serial-

seven subtraction task was chosen in part because the more demanding task should be more likely to 

interfere with performance in the other domains. It seems that the stops and hesitations observed in 

previous research during dual-task cognitive-motor interference may emerge during the acceleration 

and deceleration phases of movement, and perhaps during turning, and are therefore less likely during 

continuous over-ground walking. It is likely that relatively uniform gait that can be coordinated by 

central pattern generators (Grillner & El Manira, 2020) is not vulnerable to interference from cognitive 

factors. Further, the walking task in Chapter: 3 utilised a physical impairment suit. As discussed in that 

chapter, if the presence of the suit was sufficient to impair performance of the central pattern 
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generators and other structures of the peripheral nervous system that automate the coordination 

then some cognitive resource would likely be required to compensate for the impairment in 

automated coordination. The absence of the impairment suit, perhaps in combination with the 

continuous overground walking task, may explain the absence of interrupted gait in the present 

experiment. Before discounting the potential of working memory tasks to disrupt locomotion with 

stops and hesitations during continuous overground walking, a more demanding cognitive task 

condition should be used. This along with temporal aspects will be explored in the following chapter. 

4.5.4 Cross-domain discussion 

The present experiment contains the surprising finding that a simultaneous cognitive task did not 

affect step rate or step time variability. However, in the physical performance domain the time to 

complete the course suffered a dual task cost as did serial seven response rate in the cognitive 

performance domain. The dual-task costs in both domains were compared at comfortable pace and 

fast speed instruction conditions and no evidence was found that either domain was prioritised at 

either speed. The finding reflects Anderson’s (2016, p. 310) assumption that this cross-domain 

interference pattern is a two-way relationship insofar as dual-task costs can be suffered in either 

domain. In the present experiment, both the physical and cognitive tasks were self-paced within their 

speed instruction type and there was no interruption to the tasks or change in task demand during 

the tasks. It is interesting that similar dual-task costs were observed in each domain. Previous research 

observed a greater dual task cost in the cognitive task domain than in time to complete the course 

(Ellmers et al., 2016). Although that research utilised a much shorter course of around five seconds in 

duration that contained several turns to be navigated and a target stepping task, it seems likely that 

the greater demands on adaptive control of gait resulted in cognitive performance being sacrificed to 

preserve physical performance. However, in common with the present research, a finding of the study 

by Ellmers et al (2016) was also gaze aversion from the walking path more often under dual-task 

conditions. It is not clear why this should occur during such a targeted stepping task unless some 
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structural conflict exists of the type described in neural reuse. In the present experiment task 

irrelevant gaze behaviours have been observed under dual-task conditions but perhaps the relatively 

low navigational demands of the figure of eight course used have allowed the burden of cognitive-

motor interference to be expressed more equally across both domains. Indeed, in the Ellmers et al 

(2016) study participants were blind to the detail of the short walking path until the start of the trial 

and therefore one may expect performance of the working memory task to suffer whilst the walking 

path was assessed. The path used in the present experiment was unchanging and was visible to 

participants in advance and during practice. Future research may investigate how other increases to 

path complexity and demand may alter domain prioritisation and gaze behaviours during continuous 

over-ground walking. This is explored further in the final experimental chapter of this thesis. 

4.6 Conclusion 

This study demonstrated altered gaze behaviours over extended periods of time during continuous 

over-ground walking. Gaze orienting away from the walking path for more of the time under dual-task 

conditions at both comfortable and fast pace is interesting especially as this study also demonstrated 

that gaze is oriented towards the track most of the time during fast single-task walking trials. This 

interesting finding is important for two reasons. Firstly, it suggests that there is likely to be less 

opportunity to visually sample the walking path if working memory is simultaneously burdened and 

gaze is therefore averted from the walking path. These affects are compounded when walking quickly 

as there appears to be a greater need to visually attend to the walking path at baseline in this 

condition. Secondly, this finding in the visual domain is in addition to the findings of equal dual-task 

costs in the physical and cognitive domains. This suggests a two-way cross-domain interference 

pattern and the circumstances that dictate the direction of interference should continue to be 

investigated. Further research is required to understand the temporal relationship between 

interference across all three domains. Stops, hesitations, and changes to step time variability were not 

present in the current investigation. Further investigation into the temporal relationship between 
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domain interference and additional cognitive task demand may provoke such gait interruptions and 

will be tested in Chapter: 5. From the findings of the present chapter, it appears that continuous 

overground walking has a different profile of cognitive-motor interference to shuttle walking and 

other types of discontinuous types of walking task. It seems likely that this difference in cognitive-

motor interference profile relates to the automaticity of the walking task and is therefore a product 

of how much of the coordination of the walking task can be automated movement controlled by 

central pattern generators and related structures, and how much is adaptive perceptual-motor control 

of locomotion. This chapter tentatively proposes that the behavioural evidence presented here points 

to cognitive-motor interference during locomotion being more likely due to resource competition of 

neural structures used in adaptive goal-directed locomotion, including structures used for vision, than 

it is due to direct interference with the neuromuscular control of gait. Such behavioural findings and 

interpretation appear to be in line with the basic principles of Neural Reuse. 
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CHAPTER: 5 THE EFFECT OF SWITCHING BETWEEN TWO WORKING MEMORY TASKS ON 

GAZE BEHAVIOURS AND DUAL-TASK PERFORMANCE DURING OVER-GROUND WALKING. 

5.1 Abstract 

The temporal relationship between cognitive domain task demands and visual domain performance 

during locomotion is not understood. The main aim of this study is to investigate whether gaze 

behaviours are altered by an exogenous cue to switch to an intermittent secondary working memory 

task and whether gaze behaviours are different during the task-switch period compared to the rest of 

the trial. This study also aimed to investigate whether walking interacts with task-switching to produce 

differences in task-switch time and working memory task performance compared to when seated. 24 

participants (M = 28.58; SD = 5.52 years) completed the continuous overground walking and working 

memory task (serial seven subtraction) with a condition that included an intermittent alphabet reciting 

working memory task that must be switched to upon an audio cue. A head-mounted eye tracker was 

used to record eye movements. This chapter finds that gaze is oriented away from the walking path 

more during the task switch period (69.1 % oriented away) than during the rest of the trial (57.8% 

oriented away). A small significant difference in step rate was found in the task-switch trials but there 

were no other interference effects recorded in the physical or cognitive domains. The findings of this 

chapter demonstrate that an exogenous cue to switch tasks in the cognitive domain has a further 

interfering effect on performance in the visual domain and a partial effect in the physical domain. 

Cognitive domain performance was preserved, bolstering the emerging picture that the interference 

pattern between the cognitive, visual, and physical domains is a one-way process that favours the 

preservation of performance in the cognitive domain. 

5.2 Introduction 

The previous chapter investigated the effect of a working memory task upon gaze behaviours during 

continuous over-ground walking and found that participants look away from their walking path for a 
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greater proportion of each trial when engaged in the working memory task. The investigation also 

found that walking fast without a cognitive task resulted in gaze being oriented towards the walking 

path for a greater proportion of the trial than when walking at comfortable pace but that a 

simultaneous working memory task caused gaze to orient away from the walking path, towards task 

irrelevant locations in the environment whether briefed to walk at comfortable pace or fast. Path-

oriented gaze behaviours associated with walking at fast pace were not maintained for the same 

duration when a mental arithmetic task was added to walking at a fast pace. As with previous 

cognitive-motor interference research on walking performance, participants took longer to complete 

the course under dual-task conditions but interruptions to walking performance that have been 

described in other research and evident in subchapter 3.3 were not observed in this investigation of 

continuous over-ground walking. 

Two questions arise from the findings of the previous chapter. Firstly, as a working memory task 

resulted in altered gaze behaviours during continuous over-ground walking, the question arises 

whether the interfering effects of the cognitive task upon gaze behaviours are increased if participants 

are placed under additional cognitive load. Secondly, the question arises of whether a temporal 

relationship between elevated cognitive demand and altered gaze behaviours exists. Do gaze 

behaviours change with externally provoked changes in cognitive demand? The increased demand in 

the cognitive domain would also be expected to interrupt walking performance as was seen in 

subchapter 3.3 if the cause of such interruption lies purely in the cognitive domain. Further, including 

a discrete temporal dimension to the cognitive domain variables also increase the depth of analysis in 

the cognitive domain and may help to address disparities in measurement accuracy identified 

between the cognitive domain variables and physical domain variables that was highlighted in 

subchapters 3.4.4 and 4.5.2. 

A wealth of cognitive-motor interference literature has been conducted since the seminal 

observations of Lundin-Olsson et al (Lundin-olsson et al., 1997). When investigating cognitive-motor 
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interference, studies typically use a continuous cognitive task such as serial subtractions (Yogev et al., 

2005), n-back task (Schaefer, Schellenbach, Lindenberger, & Woollacott, 2014), item naming (Iersel et 

al., 2008), and verbal fluency tasks (Camicioli et al., 1998) amongst others. Studies of healthy 

participants have previously been included in a meta-analysis and working memory tasks requiring 

information to be stored and processed, such as mental arithmetic tasks, were amongst the most 

frequently studied and most disruptive cognitive dual-tasks (Al-Yahya et al., 2011). All of these types 

of tasks are typically of a uniform pace, or self-paced and therefore the externally applied cognitive 

load to participants is constant. Of course, it is possible that cognitive demand may fluctuate 

throughout any trial due to unknown internal factors. The externally imposed cognitive load has 

typically been constant but to investigate the temporal effects of cognitive domain tasks on walking 

performance and gaze behaviours it will be necessary to externally manipulate the tasks in the 

cognitive domain.  

Conversely, the measurement of gaze behaviours in studies has typically not been continuous in 

nature. Measurement of gaze behaviours has often been much more focused on discrete periods of 

time, perhaps analysing a particular interaction or areas of interest at a particular moment in time. 

These have included measuring location of gaze whilst navigating through automatic doors (Cinelli et 

al., 2009), timings and locations during direction changes (Mark A Hollands et al., 2002), fixations on 

stepping targets (Chapman & Hollands, 2007), coordination of gaze locations with footholds (Matthis 

et al., 2018). Such studies are very informative but are temporally restricted and do little to describe 

ongoing gaze behaviours during locomotion or to describe change in gaze behaviours over time. 

Therefore, recording gaze behaviours over extended periods as was demonstrated in Chapter: 4 will 

be important when considering the temporal multitasking effects in the cognitive, physical, and visual 

domains.  

Previous work by Ellmers et al (2016) recorded relatively brief durations of locomotion of around 5 

seconds and compared gaze behaviours during discrete periods relevant to a continuous mental 
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arithmetic task with gaze behaviours during the rest of the brief trial. The authors found that gaze was 

oriented away from the walking path more often and for longer periods in conditions where 

participants were engaged in the cognitive task than when they were not. The authors also compared 

gaze orientation during discrete periods immediately before, during, and immediately after 

verbalisation of the calculated number. The authors found that gaze was more likely to be oriented 

away from the walking path in the 330 ms immediately prior to verbalisation of both the first and 

second digits of the serial seven subtraction number than in either of the two consecutive 330 ms time 

periods following verbalisation in this short trial. Chapter: 4 in this thesis builds upon the findings of 

Ellmers et al (2016) by demonstrating that gaze behaviours are altered in the presence of a mental 

arithmetic task, resulting in task-irrelevant orientation, even during continuous over-ground walking 

on a figure-of-eight walking path. Yet it is not known if the temporal relationship between cognitive 

load and eye movements also extends to continuous over-ground walking on an uncomplicated 

walking path and when the change in cognitive load is externally imposed. Neither is it known whether 

switching between cognitive tasks while walking has an impact upon gaze behaviours across the entire 

trial and whether altered gaze behaviours can be triggered by an externally imposed increase in 

cognitive demand. Finally, the main time period of interest in the Ellmers et al (2016) study was the 

time period immediately before vocalisation of the numbers in the serial seven subtraction task which 

is a self-paced activity. The question of the effect of externally imposed changes to cognitive task 

arises. There are several reasons for researchers to be interested in the multitasking effects of 

exogenous task switching in continuous overground walking. Most obviously, it should be interesting 

from a safety perspective to understand the extent to which interference occurs due to exogenous 

task switches given that our complex and dynamic environments of daily living often dictate changes 

to the locus of our attention. Most pertinent to the present thesis, such an investigation may reveal 

interesting fundamental details about the nature of cognitive-motor interference and the dynamics 

of interference direction. Would a temporary task-switch away from the serial-seven task result in a 

corresponding change in gaze behaviour during this task switch period? Working memory tasks are 
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commonly used in such dual-task locomotion research, and have been used in this thesis, but adding 

a secondary task that must be switched to is likely to challenge an additional Executive Function, that 

of Cognitive Flexibility (Diamond, 2013).  

Other terminology has been used to describe similar functions within the Executive Functions (Miyake 

et al., 2000). In particular “Shifting, this executive function concerns shifting back and forth between 

multiple tasks, operations, or mental sets, also referred to as attention switching” (Miyake et al., 2000, 

p. 55). Cognitive Flexibility, or Shifting, affords us the ability to change perspectives and switch tasks 

and is an executive function that arises much later in human development than Inhibitory Control or 

Working Memory (Diamond, 2013). Cognitive Flexibility should therefore be considered in addition to 

Working Memory in the context of dual-task interference when a task-switch is involved. Further, 

indications about shared use of neural structures inferred from such research should consider that 

other Executive Functions in addition to Working Memory are being used. Neural Reuse describes 

interference between functions that share neural structures but also describes a many-to-many 

structure/function relationship where coalitions of structures play a part in supporting many different 

functions (M. L. Anderson, 2010). By externally provoking a shift in attention may force the temporary 

use of the executive function of cognitive flexibility, or Shifting, and therefore afford an opportunity 

to study interference patterns when another executive function is utilised. It is expected that such an 

externally provoked task switch may temporarily increase cognitive load and produce stops and 

hesitations in walking performance in the physical domain. Such a finding would suggest a temporal 

link between load in the cognitive domain and performance in the physical domain. Such a strategy 

may also provide evidence of a temporal link between load in the cognitive domain and performance 

in the visual domain if gaze behaviours are affected during this period. 

A common finding across the cognitive-motor interference literature has been reduced walking speed, 

reduced step rate, and increased stride time variability under dual-task conditions (Al-Yahya et al., 

2011). Indeed, an aim of the work contained within this thesis is to investigate whether altered gaze 
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behaviours may form part of an explanation for altered gait kinematics due to cognitive-motor 

interference. Novel cognitive-motor interference effects upon gaze behaviours were found in the 

previous chapter and participants did take longer to complete the course under dual-task conditions. 

However, other alterations to gait such as reduced step rate and increased stride time variability were 

not found under dual-task conditions during continuous over-ground walking. One would expect a 

more complex cognitive task to provoke findings similar to the literature during continuous over-

ground walking if the interference is largely due to cognitive factors rather than complexity of the 

walking task. Further, researchers have previously reported that participants sometimes hesitate or 

stop walking altogether when walking whilst engaged in a cognitive task (Bloem, Valkenburg, 

Slabbekoorn, & Willemsen, 2001). These ‘blocks’ and ‘hesitations’ are commonly observed in 

Parkinson’s patients but were also observed in healthy young and healthy older participants in a range 

of simple locomotor tasks such as shuttle walks when the dual task of answering questions was added 

(Bloem, Valkenburg, Slabbekoorn, & Van Dijk, 2001). In that research, simple questions such as ‘name 

as many trees as possible’ were found to be too disruptive to gait and frequently resulted in 

completely blocked movement even in a healthy young control group so a simpler task of serial 

questions such as ‘what is the date’ was used and this still yielded blocks and hesitations. Such blocks 

and hesitations have also been observed in Chapter: 3 within this thesis that used a 5-metre shuttle 

walk and serial-three subtraction task but were not observed in Chapter: 4 that used continuous over-

ground walking with a concurrent working memory task. If cognitive demand is a major contributor to 

the blocks and hesitations in locomotion rather than walking task complexity, then it is expected that 

the cognitive demand associated with a serial-seven subtraction task plus intermittently shifting to an 

additional task will be sufficient to cause blocks or hesitations in locomotion. This is expected in 

addition to the aforementioned and widely documented changes to gait including reduced walking 

speed, reduced step rate, and increased step time variability.  

5.2.1 Aims 
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The first aim is to investigate whether gaze behaviours are altered by shifting to an intermittent 

secondary cognitive task and whether gaze behaviours are different during the task-switch period 

compared to the rest of the trial. The second aim is to investigate whether the additional load created 

by a secondary cognitive task will invoke widely reported changes to gait such as increased time to 

complete course, reduced step rate, increased step time variability, or disrupted gait patterns such as 

blocks or hesitations. The third aim of this experiment was to investigate whether walking interacts 

with task-switching to produce differences in task-switch time compared to when seated and cognitive 

task accuracy. 

5.2.2 Hypotheses 

This chapter tests the following hypothesis in their respective performance domain: 

The first visual domain hypothesis states that switching cognitive domain tasks results in significantly 

less gaze orientation to the walking path during the trial than the condition without the task switch. 

The second visual domain hypothesis states that gaze will be oriented away from the walking path for 

a significantly greater proportion of the task switch period than it is for the rest of the trial. 

The first cognitive domain hypothesis states that walking will produce a significantly lower proportion 

of correct serial seven calculations and a task switch will also produce a lower proportion of serial 

seven calculations. The second cognitive domain hypothesis states that time to respond and accuracy 

of response will both be significantly different in the task-switch exercise when walking compared to 

when seated. 

The first physical domain hypothesis states that an intermittent task-switch exercise will significantly 

reduce step rate, increase step time variability, and increase time to complete the course compared 

to walking without the task-switch exercise. The second physical domain hypothesis states that stops 

and hesitations of walking performance will occur more frequently in the task switch trials than trials 

without a task switch. 
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5.3 Methods 

5.3.1 Participants 

24 participants aged 20-39 years (M = 28.58; SD = 5.52 years) were recruited from the university 

campus and the local area after responding to local advertisements asking seeking people aged 18-39 

with no walking-related physical impairments. Previous research on gaze behaviours during 

locomotion has found effect sizes of between 0.75 and 0.99 in previous gaze behaviour research 

during locomotion (Young et al., 2012). Power calculation performed with G*Power (Faul et al., 2007) 

determined that with a conservative effect size of 0.5 in visual domain data, a sample size of 22 

participants would be sufficient to achieve a power value of 80%. This study was powered for effects 

in the visual domain as this domain is the variable that is least studied and also prone to very variable 

data. All participants signed a written consent form prior to testing.  All participants signed a written 

consent form prior to testing. The study was approved by the University’s ethics committee and 

conducted in accordance with the Declaration of Helsinki. 

5.3.2 Experimental setup  

The same figure-of-eight walkway from Chapter: 4 was used for this experiment and the same briefing 

and familiarisation period was given to participants for the walking task and the mental arithmetic 

task of the trial. During some trials an additional cognitive task was performed intermittently in 

addition to the continuous serial-seven subtraction task. As a cue to switch tasks to the additional 

cognitive task an audio tone (440 Hz) with a duration of 300 ms was played through stereo speakers 

placed 3 meters from the start end of the track and 4 meters from the far end of the track. A 440 Hz 

auditory tone has also been used as a stimulus in previous dual-task research (Abeles & Yuval-

Greenberg, 2017). Video recordings were made of each trial (iPad Pro, Apple Inc., Cupertino, CA) 

standing on a static tripod at 30 Hz. Participants wore binocular mobile eye-tracking glasses to record 

point-of-view video and record eye movement data at 100 Hz and built-in accelerometer sampling at 
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100 Hz (Tobii ProGlasses 2, Tobii AB, Stockholm, Sweden). Responses to the cognitive task were 

recorded by the built-in microphone on the eye-tracking glasses. 

It is a principle of basic physics that the speed of sound could affect response times of a task where 

the distance of the participant from the audio source varies throughout the trial. Such is the case with 

a static speaker and a recording device mounted upon a walking participant. Recording the responses 

with a microphone on the participants’ head rather than a remote microphone mounted away from 

the participant removed the delay problem from the point of view of audio recording of participants’ 

calculations and task-switch responses. The possibility remained of an apparent delay occurring 

between eye-tracker video recording and recording of the scene by the iPad mounted outside the 

path area due to the speed of sound. However, the maximum distance between the source of the 440 

Hz tone and the participant with microphone was around five metres. Therefore, the maximum time 

taken for the sound to reach the participant was around 14.6 milliseconds (Distance (m) / Speed of 

sound (m/s). The time between frames of the footage from either of the two video recording devices 

is 33 milliseconds which is much greater than the delay between emitted sound and arrival of the 

sound at the participant and microphone. Therefore, the loudspeaker for the loud tone and all of the 

recording apparatus was appropriately placed for any delay due to the speed of sound to be negligible. 

5.3.3 Procedure 

Participants performed a combination of a walking task and two cognitive tasks. For the walking task 

participants completed three laps of the figure-of-eight course. For the primary cognitive task 

participants performed serial seven subtractions, counting backwards aloud from a given three digit 

number as fast as possible (Al-Yahya et al., 2011; Ellmers et al., 2016; Hess et al., 2010). For some 

conditions an additional cognitive task was intermittently switched to in place of the primary cognitive 

task. This additional cognitive task was to sequentially recite the letters of the English alphabet, each 

letter upon hearing an audio tone which was presented at a random time once per lap of the figure-

of-eight course. For example, at some point during the first lap the first tone would sound the 
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participant should respond with ‘A’ as quickly as possible and then resume the serial seven subtraction 

task, upon hearing the tone in the second the participant should respond ‘B’ and so on. The alphabet 

portion of the task requires the short-term storage and manipulation of information and would 

therefore present a working memory challenge according to the definition by Diamond (2013). 

Combinations of serial subtractions and alphabet tasks have been used previously to challenge 

working memory (Han & Kim, 2004). Although the number of cognitive mechanisms involved in task 

switching is a matter of continued research (Ravizza & Carter, 2008), the switching of tasks is an 

example of cognitive flexibility as defined by Diamond (2013). The task switch exercise used in this 

study is simple as it was necessary to use auditory and cognitive tasks that could be performed whilst 

walking without requiring visual input but the task conforms to the definitions of a shift between two 

mental sets as described (Kiesel et al., 2010). Audio tones have previously been used as a cue in task-

switch research (Barcelo, Escera, Corral, & Periáñez, 2006). A 440 Hz tone has been used for feedback 

in previous dual-task  literature (Abeles & Yuval-Greenberg, 2017) and is comfortably in the frequency 

range of normal human hearing (Heffner & Heffner, 2007). The eye-tracker was worn by participants 

throughout all trials including baseline conditions. Each participant performed four conditions, the 

order of which was counterbalanced across all participants: 

(i) Seated Serial Seven (baseline cognitive task) (S7), (ii) Seated Serial Seven + Task-switch (S7T), (iii) 

Walking Serial Seven (WS7), (iv) Walking Serial Seven + Task-switch (WS7T. 

Participants were instructed to maximise their performance in every task as they were in Chapter: 4. 

That is; to walk as fast as possible, to count as quickly and accurately as possible, to respond as quickly 

as possible to the task-switch exercise whilst being as accurate as possible and returning to the primary 

arithmetic task as quickly as possible.  

5.3.4 Data processing and analysis 
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The method of data analysis in the experiment in this chapter was identical to that in Chapter: 4 with 

the exception that a discrete time period was isolated spanning the task-switch period for comparison 

with the average for the remainder of the trial. The onset of the audio tone as recorded by the eye-

tracking glasses’ on-board microphone defines the start of this period. The end of this period was 

defined as the time of the end of the verbalisation of the third digit of the first verbalised whole 

number of the primary cognitive task after the tone. The following variables were calculated for each 

trial: 

Path dwell time was the percentage of time that the gaze marker fell within the walking path 

boundary calculated as follows: Path dwell time = (Number of frames of Gaze on path / Total number 

of frames containing gaze data)*100.  

Path dwell time during task switch period was the percentage of time that the gaze marker fell within 

the walking path boundary during the task-switch time period – from the tone to the resumption of 

the primary counting task. 

Serial Seven response rate: Response Rate (R/s) = Total number of responses / trial duration. Serial 

Seven Response Accuracy: Response Accuracy (%) = (Number of correct responses / Total number of 

responses)*100. 

Secondary Task Response Accuracy: Secondary Task Response Accuracy (%) = (Number of correct 

responses / Total number of responses)*100. 

Secondary Task Response time (s), measures that time taken to switch to the secondary task and was 

the duration between the sound of the tone and the verbalised response of a letter of the alphabet 

measured in seconds.  

Time to resume counting task (s), measures the total time taken to switch tasks, respond, and resume 

the primary task.  This duration was measured from the sound of the tone to the end of the 
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verbalisation of the third digit of the first verbalised number of the primary cognitive task after the 

tone. 

Step rate was calculated as follows: Step Rate (Steps/s) = Number of steps to complete three laps / 

trial duration.  

Step time variability: Step time variability (CV) = ((Standard deviation step time/mean step time)*100)  

Time to complete the course has been measured as the total time taken to complete three laps from 

the first heel strike beyond the start line of the first lap to the first heel strike beyond the start line at 

the end of the third lap.  

Hesitations and Stops in locomotor performance were defined as slowed performance and complete 

temporary cessation of walking. Hesitations and Stops were collectively called Errors and the 

proportion of trials that contained Errors was calculated as in Bloem et al 2001. 

5.3.5 Statistical analysis 

Means and standard deviations were calculated from participants means for variables of each 

condition and data were tested for normality (SPSS, version 26, IBM, New York, NY). Where two 

variables have been compared (Visual Domain: Dwell time on path (%), Dwell time on path during task 

switch period (%), Cognitive Domain: Alphabet task accuracy (%), Time to respond to tone (s), Total 

task switch time (s), Physical Domain: Time to complete course (s), Step rate (s/s), Step time 

variability), paired samples t-tests have been used for parametric data and paired samples Wilcoxon 

test for non-parametric data. Otherwise, repeated measures ANOVA was used to check for differences 

between conditions (Cognitive Domain: S7 Response accuracy (%)) of parametric data and Friedman’s 

test used to identify differences in non-parametric data. Post hoc pairwise comparisons were made to 

identify where differences occurred, and Bonferroni-Dunn corrections were applied to adjust for 
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multiple comparisons. Effect size is reported as Cohen’s d (0.2 Small, 0.5 Medium, 0.8 Large effect), 

unless the assumption of normality is violated, whereby effect size is reported as r = Z/SQRT N. 

5.4 Results 

5.4.1 Visual Domain 

In comparing the gaze behaviours across the whole trial, Wilcoxon Signed Ranks test found no 

significant difference between proportion of path dwell time (%) in trials that included the task switch 

(M = 41.15, SD 36.77) to trials that did not (M = 45.76, SD 31.85) (Z = -0.629, p = 0.53) (Figure 5-1).  In 

comparing gaze behaviours during the task switch period with those for the remainder of the trial a 

paired samples T-test revealed a significant difference in path dwell time (%) during the task switch 

period (M = 30.90, SD 36.19) compared to the remainder rest of the trial (M = 42.18, SD 35.39) (Z = -

2.906, p = 0.004, r = 0.438) (Figure 5-2). 
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Figure 5-1. Path dwell time during the whole trial. 
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Figure 5-2. Path dwell time during task-switch period compared with the remainder of the trial 

*p = 0.004, r = 0.438. 

5.4.2 Cognitive Domain 

Wilcoxon Signed Rank Test revealed there was no difference in Serial Seven Response Accuracy (%) 

between Seated (S7) (M = 88.58, SD = 18.58), Seated with task-switch (S7T) (M = 86.67, SD = 16.38), 

Walking (WS7) (M = 82.81, SD = 27.43), and Walking with Task-Switch (WS7T) (M = 86.76, SD = 21.18) 

conditions (𝜒2
F(3)=0.677, p=0.879) (Figure 5-3). Walking (WS7T) had no significant effect on time to 

respond to tone (s) (M = 1.08, SD = 0.18) compared with seated baseline (S7T) condition (M = 1.12, SD 

= 0.27) (Z = -0.243, p = 0.808) (Figure 5-4). Walking (WS7T) had no significant effect on the accuracy 

(%) of the letter given in response to the tone (M = 100.00, SD = 0.00) compared with seated baseline 

(S7T) condition (M = 97.22, SD = 9.41) (Z = -1.414, p = 0.157) (Figure 5-5). The total task-switch time 
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(s) was also not affected by walking (WS7T) (M = 4.52, SD = 2.23) compared with seated baseline (S7T) 

condition (M = 4.35, SD = 1.47) (Z = -0.286, p = 0.775) (Figure 5-6). 

 

 

 

Figure 5-3. Serial Seven working memory task accuracy. 
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Figure 5-4. Time to response to the tone in the task-switch exercise. 

 



 126 

 

Figure 5-5. Accuracy in response to alphabet task (correct alphabet letter given). 

 

Figure 5-6. Total task-switch time, from tone to resumption of serial seven subtraction task. 
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5.4.3 Physical Domain 

The intermittent alphabet task (WS7T) did have a significant effect on step rate (steps/s) (M = 2.09, 

SD = 0.16) compared to without the secondary task (WS7) (M = 2.14, SD = 0.21) (t(23) = 2.278, p = 

0.032, d = 0.465) (Figure 5-7). However, the presence of an intermittent alphabet task (WS7T) had no 

effect on step time variability (M = 6.44, SD = 0.70) compared with walking serial sevens without the 

secondary task (WS7) (M = 6.81, SD = 1.21) (Z = -1.200, p = 0.230) (Figure 5-8). The intermittent 

secondary cognitive task (WS7T) did not have a significant effect on the time to complete the course 

(s) (M = 35.06, SD = 4.54) compared with walking fast with mental arithmetic but without the 

secondary task (WS7) (M = 43.52, SD = 4.45) (t(23) = -0.604, p = 0.552 (Figure 5-9). 

No stops or hesitations of walking performance were made by any participants across any of the trials. 

Therefore, no numerical analysis of this variable was possible. 
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Figure 5-7. Step rate with and without the switch to the alphabet task *p = 0.032, r = 0.465. 

 

Figure 5-8. Step Time Variability with and without the switch to the alphabet task. 
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Figure 5-9. Time to complete course with and without the switch to the alphabet task. 

5.5 Discussion 

The first aim of this study was to investigate whether gaze behaviours are altered by shifting to an 

intermittent secondary cognitive task and whether gaze behaviours are different during the task-

switch period compared to the rest of the trial. The second aim was to investigate whether the 

additional load created by a secondary cognitive task will invoke widely reported changes to gait such 

as increased time to complete course, reduced step rate, increased step time variability, or disrupted 

gait patterns such as blocks or hesitations. The third aim of this study was to investigate whether 

walking interacts with task-switching to produce differences in task-switch time compared to when 

seated and cognitive task accuracy. The first hypothesis associated with the visual domain that the 

task switch condition (WS7T) would yield less gaze orientation to the walking path than walking with 
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a working memory task without a task switch (WS7) was rejected as there was no difference between 

conditions. However, the dwell time upon the walking path was different during the task switch period 

compared to the rest of the trial so the second hypothesis associated with the visual domain was 

accepted.  

The first hypothesis associated with the cognitive domain was rejected as no differences were 

detected in serial seven accuracy or response rate between the task switch trials (WS7T) and the trials 

without the task switch (WS7). The second hypothesis associated with the cognitive domain was also 

rejected as walking did not result in changes to time to respond to tone and response accuracy 

compared to when seated. 

The condition with the switch to the secondary working memory task (WS7T) did have an effect on 

step rate compared to walking with just the primary working memory task (WS7) so the first 

hypothesis in the physical domain is accepted for step rate but all other physical domain hypotheses 

were rejected.  

5.5.1 Visual Domain 

No differences were found in path dwell time between the condition that included switching between 

tasks and the condition where they did not. However, participants did spend a greater proportion of 

the task-switch period with gaze oriented away from the walking path (69.1 % oriented away) than 

the proportion for the rest of the same trial (57.8% oriented away). In the light of the findings from 

Chapter: 4 of this thesis, this novel finding reveals two important characteristics of the interfering 

effects of cognitive tasks upon gaze whilst walking. Firstly, these results demonstrate that an 

externally provoked change in cognitive task may have an additional effect upon gaze behaviours. In 

other words, a walking individual already displaying altered gaze behaviours due to cognitive load may 

be vulnerable to having those gaze behaviours altered further still when external factors provoke a 
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change in cognitive task. The second characteristic suggested by this finding is that there is a temporal 

link between fluctuations in cognitive demand and altered gaze behaviours whilst walking.  

Previous research has compared the proportion of time that gaze was oriented towards the walking 

path immediately prior to verbalisation of the digits of a serial-seven subtraction task with other times 

during a short dual-task walking course (Ellmers et al., 2016). The findings of this previous research 

found gaze oriented away from the walking path during the discrete time periods that the authors of 

that study postulate have the highest cognitive load. Therefore, the results of the present study 

describing increased gaze aversion during the task switch period agree with the findings of Ellmers et 

al (2016). However, the present study adds an important temporal dimension to these previous 

findings insofar as the discrete time periods analysed for this research were triggered by an external 

audio cue. Therefore, the onset of the task-switch and its associated gaze behaviours is externally 

imposed. This is very important as it means that gaze behaviours can potentially be altered, with gaze 

averted away from task relevant cues, as a result of externally imposed changes in cognitive demand. 

Such a conclusion calls into question the freedom of the individual to moderate their own fall risk. For 

example, does an individual have the autonomy to employ a posture-first strategy when gaze is 

averted due to externally imposed cognitive demands? Whilst the present experiment does not 

provide evidence that the observed gaze aversion is exclusively the result of externally imposed task 

switches, the evidence that such gaze aversion can be externally provoked presents a new dimension 

to this research and a new consideration for the circumstances that contribute to gaze aversion. 

Another interpretation of the gaze aversion findings during discrete periods of higher cognitive load 

is the possibility that the gaze aversion is evidence of a task-switch occurring. Task switches have long 

been associated with a resultant performance cost to the tasks involved (Kiesel et al., 2010). The 

definition of a task-switch is broad and somewhat ill-defined based upon difficulty in defining the 

precise boundaries of what constitutes a ‘task’ (Kiesel et al., 2010, p. 850). However, broad definitions 

of task-switching include shifting mental sets or attention switching (Miyake et al., 2000). “The abrupt 

onset of a novel event captures attention away from, and disrupts, ongoing performance” (Barcelo et 
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al, 2006, pp. 1374). According to research, such novel exogenous influences on cognition divert 

attention from a primary task and result in impaired performance, also considered to be a form of 

interference (Barcelo et al., 2006; Lavie, Hirst, de Fockert, & Viding, 2004). Exogenous causes of 

attention shifting such as these, as well as endogenous causes of attention shifting, are believed to 

activate common neural networks (Barcelo et al., 2006). However, different types of task-switching 

activities can also result in different engagement patterns in the brain including greater dorsolateral 

prefrontal cortex engagement for Rule Switching tasks and greater parietal cortex engagement for 

perceptual switching tasks (Ravizza & Carter, 2008). A meta-analysis reveals fronto-parietal network 

activity associated with working memory tasks as well as prefrontal cortex activity (Rottschy et al., 

2012). A task-switch often involves the updating of task-set information in working memory (Barcelo 

et al., 2006). Indeed, some interference effects have been alternatively interpreted through the lens 

of task-switching or working memory demand (Kiesel et al., 2010). Thus, it appears that such switches 

in attention may overlap functionally with some aspects of working memory as well as share some 

neural structures with working memory. Therefore, whilst the increased gaze aversion in this chapter 

and the previous study by Ellmers et al (2016) may be related to temporal load on working memory 

performance, it may be possible that the attention-switch itself also carries a cross-domain 

interference cost of its own. In the case of the present experiment such an interference cost was 

provoked by an exogenous source in the form of an auditory tone. In the context of Neural Reuse, the 

likelihood that the Executive Functions of working memory and cognitive flexibility (in the form of 

attention switching) were both required to some extent will have increased executive function 

demands and increased the demands upon the neural structures that support these functions. As the 

Executive Function of working memory arises late in development, and cognitive flexibility even later 

(Diamond, 2013), it seems reasonable to assume that these functions rely on earlier developing neural 

structures, likely including the structures that developed to support vision and locomotion and that 

may explain the particularly disruptive effect of this task-switch exercise upon gaze behaviour. 
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Cognitive load or a task switch and associated altered gaze behaviours due to external stimulus is an 

interesting finding that warrants further research. More work is required to understand the 

boundaries between the executive functions, their neural correlates, and their functional and neural 

overlaps with functions from other domains.  

5.5.2 Cognitive Domain 

No significant differences were detected in serial-seven data across any conditions. Switching tasks to 

a secondary working memory task did not affect accuracy of the mental arithmetic task performance 

and neither did walking affect accuracy of this cognitive domain task. No differences were found in 

time to respond to the tone in the task-switch component of the trial when walking compared to when 

seated.  

It is possible that the continuous over-ground walking task of the present experiment did not present 

sufficient burden upon adaptive gait control to impact performance of the cognitive task. There is a 

small amount of previous research that quantifies performance of a cognitive task whilst walking. For 

example, serial-seven subtractions performed whilst walking resulted in more errors of the 

subtraction task compared to being performed when seated in both young and older participants 

(Srygley et al., 2009). Previous research on a shorter but more complex walking path than that of the 

present experiment also produced more errors in a serial-seven subtraction task (Ellmers et al., 2016). 

It is notable that both of these studies utilised an experimental setup that included an acceleration 

phase, deceleration phase, and turns. The continuous overground walking task of the present chapter 

required only that participants follow a figure-of-eight path and therefore did not involve abrupt 

changes of direction, which could ultimately result in errors.  

In the present study performance of all cognitive measures was maintained across all conditions with 

no evidence that the presence of a task-switch or a walking task affected cognitive performance. 

However, it does not appear that this was because the tasks were too easy to have an effect. Mean 
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accuracy rates for the mental arithmetic task, for example, were 82% - 88% across all conditions. Most 

participants did not achieve perfect scores in these trials, suggesting that the tasks were challenging 

for most participants. The serial seven subtraction task has provoked amongst the strongest levels of 

cognitive-motor interference according to a previous meta-analysis (Al-Yahya et al., 2011). Further to 

this, the effect of the cognitive tasks upon gaze variables from the present experiment highlights the 

importance of cognitive factors even in the absence of a detrimental effect upon performance in the 

cognitive domain. It appears that the pattern of interference that arises in the present study is a mostly 

one-way cross-domain interference pattern as described by Anderson (2016, p. 310). 

The question of domain prioritisation arises again here. In the present experiment the performance 

decrements were in the physical domain with no decrements in the cognitive domain. It is possible 

that cognitive performance was maintained because it was prioritised. If performance in a competing 

domain can be prioritised, then altered gaze behaviours may be a compromise that could have been 

strategically avoided. After all, gaze that is not oriented towards the walking path may become 

problematic in terms of path finding and foot placement (Matthis et al., 2018; Patla, 1997). It is 

interesting that cognitive performance has perhaps been preserved at the expense of task-relevant 

gaze behaviours and physical performance.  

A plausible explanation for such prioritisation effects in the context of neural reuse may be that tasks 

in some domains are generally more resilient to interference than others or perhaps that a hierarchical 

cross-domain interference pattern exists based upon the reuse of neural structures as functions arise 

throughout development. As discussed earlier in this chapter, resilience to interference may be 

expected in the relatively late-developing Executive Functions (Diamond, 2013) compared to the 

earlier developing function of vision which may suffer competition for its neural resources being 

reused by a great number of ‘newer’ functions as described by Anderson (2010).  

5.5.3 Physical Domain 
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Step rate reduced from 2.14 steps per second in the dual-task condition (walking and S7) to 2.09 steps 

per second in the dual-task condition with the task-switch. Other physical domain variables were not 

affected by the task switch exercise. It is interesting that step rate appears to have been altered in 

trials with a task-switch but time to complete the course was not altered beyond the dual-task cost 

already seen in the previous chapter. Performance of the walking task has been unaffected by the 

task-switch exercise except for the small difference in step rate. A reduced step rate without an 

increase in time to complete the course suggests longer steps may have been taken by participants 

during task-switch trials, or participants tended to a more efficient route along the walking path, but 

the differences are relatively marginal. The difference in step rate in the present experiment may 

indicate that during continuous over-ground walking on a simple course with a simultaneous working 

memory task, the extra cognitive burden created by the task-switch may begin to be expressed in the 

physical performance domain but the task-switch period in this chapter was very brief. Previous 

research has demonstrated reduced walking speed, reduced step rate, altered step time variability 

under dual-task conditions using serial-seven subtractions (Al-Yahya et al., 2011; Ellmers et al., 2016; 

Springer et al., 2006; Yogev et al., 2005). However, the results of Chapter: 4 found only increased time 

to complete course and no differences in the other variables. This may have been due to the relative 

simplicity of the continuous over-ground walking task used when compared to the other walking tasks 

used in the literature. It is possible that the demanding cognitive task with additional task-switch used 

in the present experiment provided a sufficiently high overall load such that cognitive-motor 

interference became evident in this variable despite the course simplicity. If this is the case it may 

suggest that the commonly reported gait variables are not all equally vulnerable to interference from 

cognitive tasks. The relatively high cognitive demands of the serial-seven task plus externally imposed 

task-switch used in this experiment, did provoke a reduction in step rate in the continuous over-

ground walking. It may be that the demands on adaptive control of gait were sufficiently low and 

reliance upon automated control of gait was sufficiently high in this walking task that an extra 

cognitive burden was required to provoke changes in gait variables that have been reported elsewhere 
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in the literature. This would suggest that continuous over-ground walking is less vulnerable to 

cognitive-motor interference when reliance on adaptive control of gait is low. 

As with the continuous over-ground walking experiment in this thesis, the dual-task condition did not 

produce the interrupted gait with stops and hesitations that were seen in the shuttle walking chapter 

and also previously reported by Bloem et al (Bloem, Valkenburg, Slabbekoorn, & Willemsen, 2001). 

This is despite using a serial-seven subtraction working memory task which is much more cognitively 

demanding that the serial-three task and despite including a task switch and a secondary working 

memory task. This reinforces the speculative suggestion from Chapter: 4 that continuous over-ground 

walking is less vulnerable to interruption due to cognitive tasks than shuttle walking or other goal-

directed and adaptive walking tasks. From the data presented so far in this thesis I am increasingly 

confident that these behavioural findings indicate that cognitive-motor interference during walking is 

due to interference with cognitive or perceptual-motor functions including the adaptive control of gait 

that is beyond the scope of the structures that automate coordination of walking (Clark, 2015; 

Rossignol et al., 2006). In other words, the structures that automate the coordination the joint actions 

of locomotion are probably sufficient to maintain stereotyped performance when the executive 

functions are burdened. However, when locomotion requires perceptual factors and vision for 

adaptive control then the structures that coordinate locomotion are insufficient and extreme 

cognitive-motor interference is evident in the physical domain. That this interference is likely due to 

reuse of neural structures associated with tasks in the cognitive and visual domains is perhaps the 

most plausible and detailed rationale for why such interference should occur. The anticipated stops 

and hesitations were not observed during Chapter: 4 or Chapter: 5 of this thesis and neither were 

differences in step time variability. The utility of step time variability as an indicator of cognitive motor-

interference must be re-evaluated in light of recent research. 

The utility of step time variability as a means to investigate cross-domain interference in this thesis 

may require reconsideration following the findings of this chapter and recent publications. Increases 
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in stride time variability are associated with cognitive impairments and progression of 

neurodegenerative diseases (Pieruccini-Faria et al., 2021). Although there is much research into the 

relationship between cognitive factors and stride time variability, evidence for an important 

relationship with cross-domain interference is weaker in recent literature. Along with the previous 

chapter within this thesis the present chapter has investigated differences in step time variability and 

found no differences due to the presence of cognitive domain factors. A previous meta-analysis that 

included a range of different tasks and data collection methods found increases in variability under 

dual-task conditions (Al-Yahya et al., 2011). However, the majority of data included in that meta-

analysis was from studies of older participants over 60 years of age and although the analysis did 

include a minority of studies of participants in the 20–30-year-old age group, the analysis lacked data 

from middle-aged individuals. It is possible that the lack of differences in step time variability in the 

experimental studies within this thesis, and the apparent departure from previous literature, is due to 

the younger age of the participant group studied.  

Step time variability was also studied in a recent investigation of into the neural substrates of 

cognitive-motor interference whilst walking in older adults and this revealed no differences in step 

time variability between conditions but neural evidence was found for adaptive circuits that support 

adaptive control of walking possibly through the spinal reflex circuits (Al-Yahya et al., 2019). Therefore, 

adaptive control of gait is likely achieved through both central and peripheral mechanisms. Whilst 

stride time variability appears to be less relevant to cross-domain interference in light of all of these 

findings, adaptation achieved through the variability of kinematic factors does seem to have a neural 

basis. 

Additionally, recent research has described a link between age-related hearing loss and increases in 

gait variability measures including stride length variability (Sakurai, Suzuki, Ogawa, Takahashi, & 

Fujiwara, 2021). However, as with the recent research outlined above, this association did not extend 

to stride time variability. A recent study comparing older fallers and older non-fallers found no 
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difference in stride time variability between groups (Zukowski, Tennant, Iyigun, Giuliani, & Plummer, 

2021). The research around step time variability in the cognitive-motor interference literature is 

developing but a conclusive view of the relevance of this variability measure, especially in healthy 

young people, is yet to emerge. 

Step time variability contrasts with other gait variability measures such as step length variability in 

that it includes an essential temporal component. It appears that it is this temporal component that 

makes the variable of interest to researchers but also renders conclusion elusive at this stage due to 

the lack of agreement in findings outlined above. This is a surprise as one may expect that prospective 

control of locomotion through vision would have a close association with measures of gait variability 

due to the gait cycle being adapted to accommodate environmental challenges sensed through vision. 

Interestingly, recently published research compared gaze behaviours and gait variability measures in 

older adults with a history of falls with those of healthy older adults in a ‘real world’ environment. The 

authors found that older adults visually attend mostly to other people in the environment and fallers 

focus most on people closest to them and have shorter fixations (Zukowski, Iyigün, Giuliani, & 

Plummer, 2020). Importantly for the current discussion, the authors describe a higher person volume 

in the environment being a major driver in gait speed and stride length variability. Interestingly, even 

in this dynamic environment, such a relationship was not found between busyness of the environment 

and stride time variability.  

Another recent study of gait variability acknowledges the difficulty in the use of gait variability 

measures particularly in regard to dual-task studies. This novel study investigated sensorimotor ‘noise’ 

and found less noise in the working memory (serial seven subtractions) walking conditions and 

concluded that reduced sensorimotor noise may be a useful avenue for future study in locomotion 

control under dual-task conditions (Daniel Hamacher, Koch, Löwe, & Zech, 2019). Sensorimotor noise 

is an interesting idea and may avoid some of the shortcomings or spatial and temporal measures of 

gait variability currently employed. It may be that novel research methods such as this noise 
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investigation will improve the usefulness of step time variability as a meaningful measure in cognitive-

motor interference research. In light of the recent literature discussed here and the findings of the 

chapters within this thesis, the use of step time variability for investigating cross-domain interference 

in a young and healthy population appears to currently have limited utility despite its popularity in 

older dual-task literature.  

5.5.4 Cross-domain discussion  

The study in the present chapter builds upon the findings of Chapter: 4 by demonstrating a temporal 

link between cognitive tasks and gaze behaviours using a task switching exercise. In particular, this 

chapter found visual domain interference effects as gaze is oriented away from the walking path for a 

greater proportion of the time during an externally imposed task-switch. However, interference 

effects were not evident in either the cognitive domain or physical domain with the exception of a 

small difference in step rate. This chapter therefore demonstrated a mostly one-way cross-domain 

interference pattern as discussed by Anderson (2016, p. 310). 

 Regarding the reason why cross-domain interference should occur at all and the reason for different 

interference patterns between functions in different domains, Anderson stated that the more recently 

developed functions will be distributed across more widely scattered structures and earlier developed 

structures will be reused by an increasing number of functions (M. L. Anderson, 2015). Diamond (2013) 

states that cognitive flexibility arises later in human development than inhibitory control or working 

memory. As such, one may expect structures that have evolved or developed to support vision to be 

reused to support the function of Working Memory that arises later than vision in both human 

development and our species’ evolution (Diamond, 2002; Graven & Browne, 2008). Assuming 

structures of the central nervous system have finite capacity to support multiple functions, one may 

reasonably expect interference between tasks that require simultaneous use of vision and working 

memory. In the present experiment, Cognitive Flexibility would have been required during the Task 

Switch Period. As Cognitive Flexibility arises later in human development than Working Memory 
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according to Diamond then the theory of Neural Reuse suggests that during the Task Switch Period a 

cognitive function may be distributed across more widely scattered structures than were used in the 

working memory task including structures that evolved to support vision. Under this interpretation 

perhaps Cognitive Flexibility would be disruptive to a greater number of other functions that Working 

Memory or other tasks such as locomotion. The extent to which the Executive Functions overlap and 

the extent to which there is a direction of interference in the structure-function relationship will 

contribute to these effects and further research is required in this regard. 

Given that the cognitive burden was high in the present experiment by comparison to previous 

cognitive-motor interference research, it surprising that no blocks and hesitations of walking 

performance were present in any trial by any participant. Blocks and hesitations had previously been 

observed in young and old participants as well as in data from young participants presented earlier in 

this thesis (Bloem, Valkenburg, Slabbekoorn, & Willemsen, 2001). It is rational to posit that the 

continuous figure-of-eight walking task is a possible candidate cause for the departure from the 

literature. Previous research has found that walking modality affects performance outcomes in dual-

task walking (Wrightson & Smeeton, 2017). Previous overground walking research has typically 

utilised shuttle walks along a straight path with an acceleration and deceleration phase plus a change 

of direction or much shorter walking paths with several turns (Bloem, Valkenburg, Slabbekoorn, & 

Willemsen, 2001; Ellmers et al., 2016). Gait relies to a large extent upon automated movement 

coordinated by central pattern generators in the spine working in concert with processes of gait such 

as the stretch-shortening cycle and the function of Golgi tendon organs (Rossignol et al., 2006). 

Adaptive control of locomotion is the process where these automated movement patterns are 

adapted towards a goal with moderating sensory input in including vision (Higuchi, 2013). It is 

plausible that cognitive tasks predominantly interfere with adaptive control of gait, leaving the 

relatively automatized control of gait by the central pattern generators and related neuromuscular 

processes unaffected. Continuous figure-of-eight walking in this fashion is unlikely to have taxed the 

sensory input pathways or executive functions as much as other experiment setups that include a 
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frequent stop, start or change of direction. The neuromuscular mechanisms that coordinate and 

automate the gait cycle are likely to have played a sufficiently dominant role in the figure-of-eight 

locomotive task that the cognitive tasks had little impact on the drive to walk. This tentative 

hypothesis may be supported by the fact that reduced step rate was only seen in the most demanding 

condition and no hesitations or blocks in locomotive performance, that have been present in previous 

research, were observed in any of the trials. Indeed, the setup of the experiment in this chapter was 

specifically designed to be more demanding than that of previous research and to provoke hesitations 

and blocks in physical performance by requiring an intermittent switching of tasks in an attempt to 

‘overload’ executive function. If adaptive control of gait has a cognitive dimension, if it requires 

complex perceptual streams and/or executive function, but unimpeded continuous over-ground 

walking does not, then one may not expect to see all of the cognitive-motor interference 

characteristics expressed in the simpler walking tasks such as that of the previous and present 

chapters. 

Increased time to complete course was found under dual-task conditions in the previous chapter and 

in addition to this a reduction in step rate was detected in the experiment of the present chapter due 

to the presence of the task-switch exercise. It is possible that the extra cognitive demand provided by 

the task-switch met a threshold of demand at which locomotor performance is affected even in this 

relatively simple continuous over-ground walking task. In the context of the body of previous research, 

the results of the previous chapter and present chapter combined may indicate that automated 

control of gait is fairly resilient to interference from cognitive tasks as gait was affected only in the 

most demanding cognitive conditions of the figure-of-eight course. Adaptive control of gait, on the 

other hand, may be much more susceptible to interference from cognitive factors and this would 

explain why the relatively complex and variable walking tasks of previous research have recorded such 

a strong effect upon gait from a simultaneous serial-seven subtraction task. 
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So far, this thesis has demonstrated that working memory tasks interfere with gait resulting in slower 

walking speeds and interrupted gait, but such stops and hesitations of interrupted gait do not appear 

to occur during continuous over-ground walking. Some of the altered walking behaviours, especially 

during collision avoidance, appeared to be due to altered gaze behaviours and altered gaze behaviours 

due to cognitive factors have been confirmed in the last two chapters with eye-tracking data. Working 

memory cognitive tasks have interfered with both gait kinematics and gaze behaviours. Externally 

imposed intermittent task switches suggest that Cognitive Flexibility demands has a temporally 

proximal interfering effect upon these behaviours, perhaps alone or in conjunction with Working 

Memory demands. These effects can be explained in terms of the theory of Neural Reuse but more 

research is required to investigate the direction of the interference relationship and flexible domain 

prioritisation. 

Questions arise about the interfering effect of cognitive tasks upon gaze behaviours in more complex 

cognitive and physical tasks that may be components of daily locomotion. The continuous over-ground 

walking task used in the last two chapters was relatively simple in terms of locomotor control. Would 

a walking path that requires visual attention necessarily result in poorer cognitive task performance? 

Would a walking task with limited temporal freedom interfere with gaze behaviours and Working 

Memory performance? Does task-relevant gaze aversion due to cognitive factors persist in such 

walking trials? 

5.6 Conclusion 

Gaze behaviours are further altered by intermittent externally imposed task switch in addition to 

continuous working memory tasks performed simultaneously during continuous over-ground walking. 

Continuous over-ground walking on a figure-of-eight track did not sufficiently interfere with the 

demanding cognitive tasks used to provoke interference in the cognitive domain but there was a 

reduction in step rate in the physical domain due to the presence of the intermittent task-switch. The 

demanding cognitive tasks in this chapter increased the time to complete the walking course in line 
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with prior research but, despite the additional cognitive load and in common with the preceding 

chapter, no stops or hesitations were observed during continuous over-ground walking.  
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CHAPTER: 6 A COMPARISON OF FRAME-BY-FRAME AND FIXATION-BY-FIXATION CODING 

OF GAZE BEHAVIOURS DURING LOCOMOTION IN A PUBLIC SPACE. 

6.1 Abstract 

Frame-by-frame analysis of gaze data is a labour-intensive process and fixation-by-fixation methods 

have been proposed as a time-efficient alternative with fixation identification automated by velocity 

threshold filters. A fixation-based analysis with automated fixation detection has been used to reduce 

time costs of analysis by a factor of nine (Vansteenkiste, Cardon, Philippaerts, & Lenoir, 2015). In light 

of this previously investigated analysis method, this chapter aims to compare the suitability of fixation-

by-fixation analysis and frame-by-frame analysis for pedestrians during a naturalistic targeted 

stepping task, namely approaching and stepping on to an escalator, in a large indoor public space. Six 

participants (M = 43; SD = 15.2 years) completed four trials each of approaching and ascending an 

escalator whilst wearing an eye-tracker to record dwell time and fixations at five areas of interest (AOI) 

as follows: 1) Approach to escalator, 2) Flat portion of moving surface, 3) Steps, 4) Handrail, and 5) 

Elsewhere. Fixations were automatically identified as the remaining data after using a velocity 

threshold filter to identify saccades. The results of Frame-by-frame analysis was compared with the 

results of fixation-by-fixation analysis for differences and correlations. Differences were found 

between the analysis methods for the AOIs. In particular, differences in dwell time percentage in Flat 

(M = 13.9, SD = 11.4) and Steps (M = 16.6, SD = 12.3) between methods but also a large difference in 

No Data (M = 42.9, SD = 23.3) between methods due to the data loss associated with the identification 

of saccades by velocity threshold filters. In contrast with that prior research, no correlations were 

found for AOIs. Therefore, a fixation-by-fixation method automated by velocity threshold filter does 

not appear to be suitable for analysing the targeted stepping task used. 

6.2 Introduction 
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The previous two experimental chapters presented in this thesis have analysed gaze location data by 

manually encoding the proportion of each trial that the point of gaze spent in predetermined areas of 

interest on a frame-by-frame basis from an unprocessed signal of raw gaze data. Frame-by-frame 

analysis of raw data requires that the researcher visually inspect every individual frame of scene 

camera video generated by the head-mounted eye-tracker and record the location of the gaze marker 

against features in the video. Although very time consuming (Vansteenkiste et al., 2015), this  process 

has been considered as a ‘ground truth’ against which other analysis methods, such as fixation-by-

fixation, are evaluated (Stuart et al., 2014). Indeed, fixation data is derived from raw frame-by-frame 

data. Frame-by-frame data provides only the position of the gaze marker and fixations are the periods 

of stable gaze location between saccades (rapid eye movements from one location to another). Gaze 

is thought to remain stable during fixations for the sampling of visual information from an area of 

interest (AOI) hence their value to researchers in making assumptions about visual processes and 

attention of the viewer (Land, 2006). The automation of identifying fixations from raw data is usually 

achieved by filtering data by velocity threshold where a movement above a velocity threshold is 

assumed to be a saccade and the remaining movements below such a threshold are assumed to be 

part of a fixation (Stuart et al., 2014, 2019). Such an automated process is thought to reduce analysis 

time by a factor of nine (Vansteenkiste et al., 2015). 

Despite eye-tracking studies existing since the early 1900s, mobile head-mounted eye-trackers are a 

relatively recent innovation (Land, 2006). As a technology is in its relative infancy, ongoing efforts are 

being made to automate or improve the time-efficiency of the analysis of gaze locations. The 

previously-mentioned validation of the fixation-by-fixation method using fixations automatically 

identified by velocity threshold filter was performed to assess the suitability of this method for an 

urban cycling task (Vansteenkiste et al., 2015). This method of analysis requires further validation for 

its suitability for targeted stepping that requires spatial and temporal accuracy. 

6.2.1 Aims 
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The present study aims to compare the suitability of fixation-by-fixation analysis and frame-by-frame 

analysis for pedestrians during a naturalistic targeted stepping task, namely approaching and stepping 

on to an escalator, in a large indoor public space. 

6.2.2 Hypothesis 

The first hypothesis of this study is that there will not be significant differences between analysis for 

each AOI. The second hypothesis of this study is that there will be a positive correlation between data 

acquired through the two analysis methods for each AOI. 

6.3 Methods 

6.3.1 Participants 

19 participants took part in the original study and the trials from a random subset of six participants 

(Age: M = 43, SD = 15.2) were analysed to compare between the two methods of analysis 

(Vansteenkiste et al., 2015). Participants were volunteers recruited from the residential areas local to 

the airport and all signed an informed consent form which was approved by the science faculty ethical 

committee at the University of Portsmouth in accordance with the Declaration of Helsinki. Participants 

either travelled to the airport for data collection or were staff working in businesses located at the 

airport. No airport travellers were recruited for this study. All participants were able to walk and 

embark upon an escalator unaided and had normal or correct-to-normal vision. Participants did not 

require the use of spectacles for daily locomotion tasks. 

6.3.2 Materials 

Gaze location was recorded using a head-mounted eye-tracking device at 100 Hz (Tobii ProGlasses 2, 

Tobii AB, Stockholm, Sweden). Data was recorded to the recording unit supplied with the eye-tracker 

which was worn either on a belt clip or in an over-shoulder pouch depending on the participants’ 

dress. Recordings were initiated, stopped, and monitored during recording by streaming to a laptop 
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via Wi-Fi (Toshiba, Tokyo, Japan) using proprietary software of the manufacturer of the eye-tracker 

(Tobii ProGlasses Controller, Tobii AB, Stockholm, Sweden). 

6.3.3 Set-up and procedure 

After a short briefing about the experiment the eye-tracker was adjusted for the participant using the 

different nose clips supplied with the glasses, fit and pupil visibility was manually checked within the 

software. A calibration was subsequently performed using the calibration target card as per the 

manufacturer’s recommendations (Tobii AB, Stockholm, Sweden). After briefing and calibration, 

participants were asked to approach the escalator from the predetermined start position 3.9 metres 

in a straight approach to the escalator. The distance was determined by environmental constraints of 

the public space, clear of crowd management bollards. Participants travelled to the top of the 

escalator, disembarked at the top and returned down on the adjacent escalator while wearing the 

eye-tracker.  Participants were instructed to use the escalator as they normally would and to repeat 

the loop up and down the escalator until asked to stop by an investigator. Each participant completed 

four such trials. 

6.3.4 Data analysis 

Each participant’s approach to and embarkment upon the escalator was isolated for analysis and four 

trials were used per participant (Vansteenkiste et al., 2015). The start of each trial was defined as the 

first frame where the target (transition from static surface to moving surface) came into view on the 

scene camera and the end defined as gaze lifting from the steps once transition to moving surface is 

complete (Jovancevic-Misic & Hayhoe, 2009). As such, dwell time data were normalized to varying 

individual trial durations by presenting data as the percentage of trial length (Miyasike-Dasilva, Allard, 

& McIlroy, 2011; Vansteenkiste et al., 2015). Considering that the period of time during transition onto 

an escalator surface is thought to be crucial in task performance (Hsu, Wang, Lu, & Lu, 2015), five 

areas of interest were defined, derived from previous research into stair climbing (Miyasike-Dasilva et 
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al., 2011), as follows: 1) Approach, 2) Moving flat surface, 3) Moving steps, 4) Handrail, and 5) 

Elsewhere (Figure 5-10), plus a sixth category for No data. The category ‘No Data’ was calculated as 

the difference between the sum of the other five dwell times and the total trial duration. Prior to 

statistical analysis, visual inspections of gaze behaviour using heatmaps were performed. A 

representative illustration of gaze location in the scene camera frame can be found in the heatmap in 

(Figure 5-11). This describes the factors that may affect the suitability of the analysis methods 

described in the discussion section.  

 

Figure 5-10. Areas of interest: Approach (pink), Moving flat surface (cyan), Moving steps (blue), 

Handrail (red), and Elsewhere (yellow). 



 149 

 

Figure 5-11. Heatmap of gaze locations presented as a distance in pixels from centre of the frame of 

the 1920 x 1080 pixel scene camera during three time periods of a representative trial from one 

individual: A) During the approach to the escalator, B) During the transition onto the escalator, and 
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C) After transition onto the escalator. Note: these heat maps present gaze location relative to the 

field of view and not relative to environmental features. 

6.3.5 Frame-by-frame analysis 

Frame-by-frame analysis was conducted within the manufacturer’s proprietary analysis software and 

data exported to a spreadsheet for further analysis (Tobii ProLab, Tobii AB, Stockholm, Sweden). 

Location of the gaze cursor was coded into the five AOI categories by manually assigning the location 

with the click of an on-screen button (Figure 5-12). Data of six trials from two participants (three each) 

was processed for a second time by another researcher, six months after initial data processing to 

assess intra-rater reliability. The absolute number of frames categorised for each AOI was summed, 

expressed as a percentage of the total frame count and compared for agreement. The percentage 

dwell time for each area of interest was as follows with the agreement between the two encoding 

sessions in parentheses: Approach 13.2% (99.5%), Flat 28.9% (98.5%), Steps 24.2% (98.7%), Handrail 

2.7% (98.2), Elsewhere 14.6% (99.4%), No Data 16.4% (99.9%). 

This analysis occurred with RAW data and without utilisation of a Velocity Threshold Filter. To allow 

for a more direct comparison with the fixation-by-fixation methods the RAW signal was processed for 

frame-by-frame analysis by utilising the same linear gap fill interpolation (i.e. a frame of missing data 

shall have the x and y coordinates that are midway between the x and y coordinates of the adjacent 

frames) and moving average smoothing filter as the fixation analysis. This comes at the slight expense 

of time efficiencies due to the extra frames of gap-filled data for frame-by-frame analysis but gives 

the best chance of an agreement between the two analysis methods. The dwell time on AOIs (number 

of frames for which gaze marker fell within and AOI) was recorded directly in the software and then 

exported to a spreadsheet with other metrics for statistical analysis. 
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Figure 5-12. In-software categorisation of AOIs. 

6.3.6 Fixation-by-fixation analysis 

For the fixation-by-fixation analysis, the default fixation velocity threshold filter was used in the Tobii 

Pro Lab software. This filter defines a fixation as movements with a velocity below 60º/s with a window 

length of 20 ms and short fixations below 60 ms were discarded. The velocity threshold filter selected 

reduced high frequency noise with a 3-sample moving median window size and gaps in data below 75 

ms are interpolated. Previous algorithm validation research has also utilised linear interpolation to fill 

gaps after removal of discarded data (Stuart et al., 2014). The same method of manually identifying 

when the gaze cursor was within an area of interest was employed as the frame-by-frame coding, 

except this time the analysis was done by fixation rather than by frame. 

6.3.7 Comparison of the results of the two analysis methods 

Both analysis methods resulted in 144 dwell time percentages (6 participants x 4 trials x 6 AOIs). 

Descriptive statistics of the absolute differences between dwell time percentages of the frame-by-

frame analysis and the fixation-by-fixation analysis were calculated using IBM SPSS Statistics (SPSS 

Statistics 26, IBM, New York). To compare the two analysis methods a t-test was run per AOI. A 
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Wilcoxon test was used for non-parametric data. The validity of the fixation-by-fixation method 

compared with the frame-by-frame method overall was tested using a Spearman correlation test due 

to the non-linearity of the dataset. To compare the result of the two analysis methods per AOI six 

separate correlation tests were also run. Significance level for this test was set at p ≤ 0.01 to reduce 

the chance of type 1 errors in the small sample group of six participants (Vansteenkiste et al., 2015). 

6.4 Results 

A visual overview of the dwell time percentages between the two analysis methods can be found in 

Figure 5-13. The descriptive statistics of the differences between frame-by-frame analysis and fixation-

by-fixation analysis are presented in Table 5-1. Descriptive statistics for differences in dwell time per 

AOI. Wilcoxon tests were performed to check for differences between analysis methods for all AOIs 

except the “Elsewhere” location, which was tested with t-tests. Wilcoxon tests revealed significant 

differences for each AOI as follows; Approach (Z = -3.88, p < 0.001, r = 0.56), Flat (Z = -4.029, p < 

0.001001, r = 0.58), Steps (Z = -4.114, p < 0.001001, r = 0.59), Handrail (Z = -9.91, p = 0.009 001, r = 

1.43) and No data (Z = -4.286, p < 0.001001, r = 0.62). A t-test revealed significant differences between 

the analysis methods for the Elsewhere AOI (t(23) = 5.66, p = < 0.001001, d = 1.56).  
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Figure 5-13. Dwell time on AOIs as a proportion of trial for both analysis methods. 

Table 5-1. Descriptive statistics for differences in dwell time per AOI. 

 Approach Flat Steps Handrail Elsewhere No Data 

Mean 5.31 13.88 16.65 0.49 6.66 -42.99 

SD 5.00 11.41 12.32 1.93 5.76 23.30 

Median 3.75 14.77 15.06 0.13 4.36 -46.88 

Minimum -2.12 -1.85 -5.94 -2.44 0.00 -77.98 

Maximum 13.55 31.86 40.89 5.46 21.14 -7.13 

 

The Spearman correlation test revealed a significant (p < 0.001) overall correlation of frame-by-frame 

and fixation-by-fixation for all data with a Pearson correlation coefficient of 0.39. A scatter plot of the 

dwell time percentages per AOI can be found in Figure 5-14. Positive correlations were found between 

analysis methods for individual AOIs as follows; Approach (rs = 0.754, p < 0.001), Handrail (rs = 0.868, 
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p < 0.001), and Elsewhere (rs = 0.671, p < 0.001). No statistically significant correlations were found 

between Flat (rs = 0.407, p = 0.048), Steps (rs = 0.312, p = 0.138) and No Data (rs = 0.103, p = 0.630). 

 

Figure 5-14. Gaze percentages per AOI of both analysis methods. The black line represents the 

overall trend line. 

6.5 Discussion 

The aim of the present study was to compare the suitability of fixation-by-fixation analysis versus 

frame-by-frame analysis for pedestrians during a naturalistic targeted walking task. The results 

demonstrate significant differences between dwell times per AOI and so the first hypothesis of this 

study is rejected. The second hypothesis of this study was that there will be a correlation between 
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data acquired through the two analysis methods for each AOI however correlation was not found for 

individual AOIs, so this hypothesis is also rejected. 

The present study found significant differences between dwell time percentages from two analysis 

methods for all AOIs. This is broadly in line with the findings of previous research, which found 

significant differences in dwell time percentages from the same two analysis methods for most AOIs 

(Vansteenkiste et al., 2015). However, in that study no significant difference was found between 

analysis methods for the No Data AOI. In the present study a large difference can be seen between 

the analysis methods in the No Data category.  The large difference in No Data between methods in 

the present study is likely to be the result of the difference in the type activity used: targeted stepping 

compared to the cycling activity in the Vansteenkiste et al (2015) study. Further, the AOIs showed 

good correlation between analysis methods in that previous study. However, in the present study the 

AOIs that did not correlate between methods were the Flat moving surface, Moving steps, and No 

Data. This is likely to be further evidence of important differences between tasks that render the 

fixation-by-fixation analysis method inaccurate for targeted stepping of this kind. As the participants 

approach the escalator, pertinent visual information to aid transition onto the escalator are relatively 

distant, and therefore participants had an elevated gaze as is seen in Figure 5-11. Similarly, one may 

expect a cycling task as in the Vansteenkiste study to require a long look-ahead distance. However, 

the task of stepping onto an escalator may require one to look down towards the feet and the walking 

path immediately ahead when making the transition from the static surface to the moving surface. 

Previous research has found that postural threat in particular alters gaze behaviours resulting in 

participants visually prioritising the immediate walkway (Ellmers, Cocks, & Young, 2020). If visually 

prioritising the immediate walkway is achieved by the eyes looking down relative to the position of 

the head and eye-tracking glasses, then the gaze marker is likely to be very close to the lower bound 

of scene camera frame and may even stray out of the lower bounds of the scene camera frame video 

entirely. Indeed, Figure 5-11 demonstrates that there is a tendency for the gaze marker to move 

towards the lower bounds of the frame in this representative sample during the transition onto the 
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escalator. As can be seen in Figure 5-11B, the distribution of gaze is mostly in the lower half of the 

frame and much closer to the boundary of the frame during the period of the transition onto the 

escalator than during the approach or once embarked. Gaze at the lower bound of the frame will 

result in loss of data or intermittent data as the marker moves outside of the frame. In the case of 

intermittent data loss of this kind the remaining data is still registered to an AOI and is still useable for 

frame-by-frame analysis. However, the remaining data would be filtered out by the velocity threshold 

filter that discriminates between saccades and fixations rendering much of the data for fixation 

analysis to be discarded. Therefore, particularly during transition onto the escalator where gaze may 

be more likely to be towards the lower bounds of the scene camera frame, the frame-by-frame 

method will perform better than the fixation-by-fixation method. 

The results of the present study found a positive overall correlation for the two analysis methods 

across all AOIs combined. Whereas Vansteenkiste et al. (2015) found a positive correlation between 

the results of analysis methods across all individual AOIs, the present study found only significant 

correlations for the Approach, Handrail, and Elsewhere AOIs. Importantly, no significant correlation 

was found between analysis methods for Flat, Steps, and No Data AOIs. These AOIs are particularly 

important because in the present study, transition onto the escalator surface is a crucial moment in 

understanding performance of the overall task (Hsu et al., 2015).  

These significant differences between the percentage viewing time data from the two methods and 

the lack of correlation between methods for crucial AOIs are found despite efforts to provide as close 

a comparison between methods as possible by identically gap-filling the raw signal and smoothing 

data in both analysis methods. Whether one adopts fixation-by-fixation or frame-by-frame coding, 

clearly has a potential impact on the results of a study and particular care should be taken to ensure 

that the analysis method is appropriate for the experiment and the hardware used. In the case of the 

present study, it has proven to be particularly important to minimise the effects of participants looking 

down and the gaze marker exceeding the lower bound of the scene camera video frame. This is a 
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natural limitation of the Tobii glasses which is exacerbated by the type of experimental task being 

performed and velocity-based analysis used. Whilst it may be possible to preserve the fixation analysis 

method by modifying the experiment, such as asking participants to look down with the head rather 

than just their eyes or by introducing visual cues into the environment, such changes would affect 

participant behaviour and therefore would not be suitable when studying natural behaviours. The 

mobile eye-tracker is relatively unobtrusive, and eye-tracking is flexible and potentially very powerful 

tool in the study of human behaviour. Such instructions to modify behaviour would undermine the 

efforts to study natural behaviour that the mobile eye-tracker affords. In cases where the 

experimental task does not challenge the limitations of the hardware, such as where eye range of 

movement is not expected to be extreme, then fixation-by-fixation analysis is undoubtedly a desirable 

time efficient method of analysis. However, the data from the present study demonstrate that the 

suitability of this analysis method is not generalisable to other forms of locomotion and task type 

where the demands of the task result in extreme eye range of motion.  

Despite the considerable time efficiencies that the fixation-by-fixation method would present, 

compromises to the valid analysis of individual AOIs mean that this method of analysis cannot be 

recommended when measuring the visual control of targeted stepping. Therefore, frame-by-frame 

analysis remains a useful, albeit time-consuming, form of analysis for studying gaze behaviours and 

areas of interest with mobile eye-tracking. Care should be taken to identify the how the demands that 

the experimental tasks will impact upon the methods for eventual data analysis.  

6.6 Conclusion 

This study aimed to evaluate the differences between two analysis methods for quantifying gaze 

behaviours with predefined areas of interest for use with a mobile eye-tracker in a busy public space. 

Significant differences were found between the result of fixation-by-fixation analysis and frame-by-

frame analysis. The demands of the naturalistic task occasionally exceeded limitations of the hardware 

and this caused data loss in fixation identification. The fixation-by-fixation method was, therefore, not 
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suitable for this task and frame-by-frame method remains a useful analysis method for demanding 

naturalistic experimental tasks. 
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CHAPTER: 7 GAZE BEHAVIOURS AND COGNITIVE PERFORMANCE DURING INTERMITTENTLY 

TARGETED STEPPING WITH A CONCURRENT WORKING MEMORY TASK. 

7.1 Abstract 

An exogenous cue to switch between two cognitive tasks has been shown to result in more gaze 

aversion from the walking path during the task switch period than during the remainder of the trial. A 

predominantly one-way pattern of interference between the cognitive domain and the visual and 

physical domains has also been observed. The aim of this study was to investigate whether gaze 

behaviours are altered in the presence of a concurrent working memory task during intermittently 

targeted stepping. The study further aimed to understand the direction of cross-domain interference 

between the visual and cognitive domain. 10 participants (M = 25.8; SD = 6.46 years) approached and 

ascended upon an escalator both with and without a concurrent working memory task (serial seven 

subtractions). Gaze dwell time was recorded from a head-mounted eye tracker for five areas of 

interest during the trial: 1) approach to the escalator, 2) flat moving surface, 3) moving steps, 4) 

moving handrail, and 5) elsewhere. Dwell times on each area of interest were not different between 

conditions and gaze was not oriented to task irrelevant areas with the concurrent working memory 

task. However, performance in the cognitive domain was impaired during the period of transition onto 

the escalator with the interval between serial seven responses 1.83 seconds longer during transition 

onto the escalator than during the following four intervals. This may suggest that the one-way 

interference pattern reported in most of the studies in this thesis may be reversible, flexibly 

accommodating task demands. In the case of this study the spatial and temporal precision required 

for the walking task may have meant that performance in the cognitive domain suffered to preserve 

performance in the visual domain for the locomotor task.  

7.2 Introduction 



 160 

The preceding experimental chapters in this thesis report interference between working memory 

tasks and walking performance. Specifically, concurrent performance of a serial seven subtraction task 

resulted in a slower walking speed and increased time to complete a walking task. The role of gaze 

behaviours in cognitive-motor interference has been explored in this thesis and Chapter: 3 described 

altered collision avoidance behaviours whilst a working memory task was performed. The results 

suggested that task-relevant gaze aversion occurs with concurrent working memory tasks during 

continuous overground walking, a finding that supports previous literature examining targeted 

stepping on a short walking path (Ellmers et al., 2016). Chapter: 5 of this thesis described the effect 

that an externally provoked task-switch had upon on gaze behaviours and found increased gaze 

aversion during the task switch period. In that chapter it was suggested that an upper multitasking 

capacity threshold may exist where, once reached, a dual-task cost is suffered in one or more of the 

performance domains. The existence of such a multitasking capacity threshold could be explained in 

terms of working memory (A. Baddeley, 2010), more neuroscience-oriented perspectives such as the 

Executive Functions (Diamond, 2013; Miyake et al., 2000), or in terms of Neural Reuse (Anderson, 

2010) since all of these perspectives assume some kind of functional capacity limit above which 

performance suffers and this leads to interference in multitasking scenarios. What has not yet been 

explored in this thesis is the inversion of interference pattern direction, or the reallocation of 

resources according to temporal fluctuations in task demand. For example, in Chapter: 5 the 

exogenous attention shift caused by the cue to switch cognitive tasks resulted in altered gaze 

behaviours. This was evidence of a one-way interference pattern between tasks in the cognitive 

domain and visual domain. However, the figure-of-eight walking task was relatively undemanding and 

included little to no variation in spatial or temporal demand throughout the trial. The possibility exists 

that such a uniformly low-demand walking task facilitated a one-way interference direction or 

afforded the opportunity for a two-way interference pattern with extremely low levels of cross-

domain interference in the physical domain. The corollary may be true: an intermittent spatially and 

temporally demanding walking task may invert the direction of interference intermittently seen in 
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Chapter: 5 and result in intermittent cross-domain interference effects in the cognitive domain. Such 

an inversion of interference direction may begin to provide answers to questions posed by Anderson 

about the direction of interference patterns (2014, p. 310) and would suggest not only a 

predominantly one-way interference relationship but one that can be flexibly reversed according to 

task demands. 

So far, the experiments in this thesis have used relatively simple shuttle walking tasks (Chapter: 3) or 

continuous over-ground walking tasks (Chapter: 4 and Chapter: 5) on flat terrain with little 

impediment to walking progression, except for the collision avoidance task in 3.4. The dual-task costs 

have been borne mostly in the physical domain and the control of vision. Costs have not been suffered 

in the cognitive domain except for an increase in errors of the mental arithmetic task during the 

collision avoidance task in 3.4 and reduced response rate on the serial seven task whilst walking in 

Chapter: 4 where dual-task costs were not different between the physical domain and cognitive 

domain. In Chapter: 5, where two cognitive tasks were used requiring performance from at least two 

of the Executive Functions and participants were subjected to an exogenous trigger for switching 

tasks, performance across all cognitive tasks remained resilient and performance decrements 

appeared to arise almost exclusively in the visual domain. With notable exceptions in the literature 

(Ellmers et al., 2016; Srygley et al., 2009; Szturm et al., 2013), this suggests that cognitive-motor 

interference during locomotion results in an interference pattern where tasks in the cognitive domain 

remain comparatively resilient to interference and may suggest that the walking performance in the 

physical domain, and performance in the visual domain in particular may be particularly vulnerable to 

interference as described throughout this thesis and in the studies by Ellmers et al (2016) and Abeles 

and Yuval-Greenberg (2017). 

During a more demanding walking task where dual-task costs in the visual and physical domains are 

undesirable or dangerous, one wonders whether gaze aversion from task relevant environmental 

features persist. Previous research has described persistent gaze aversion behaviours during dual-task 
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even where the walking path was elevated above the ground by 1.1 metres (Ellmers et al., 2016; 

Ellmers & Young, 2019). The research by Ellmers et al 2016 did not contain a challenge that required 

spatio-temporal accuracy (i.e. participants had to perform a self-paced stepping task), however did 

demonstrate a temporal dimension to dual-task demands and altered gaze behaviours with gaze 

aversion more common around the time of the verbalisation of responses of the serial-seven 

subtraction task. As demonstrated by Chapter: 5, a temporal relationship appears to exist between 

the cognitive domain and visual domain during continuous overground walking as gaze aversion was 

more common during the task switch period. Such interference during cross-domain task switching 

may be due to load in one or a combination or both the executive functions of working memory and 

cognitive flexibility. Task-switching often involves the updating of task-set information in working 

memory (Barcelo et al., 2006) and interference effects have been alternatively interpreted through 

the lens of task-switching or working memory demand (Kiesel et al., 2010). Such executive function 

performance during a task-switch was resilient to interference from the walking task in Chapter: 5. 

However, performance of a walking task that requires both spatial and temporal accuracy may force 

performance in the visual domain and physical domains to be preserved as vision is so important to 

such tasks (Cinelli et al., 2009; Mark A Hollands et al., 2002; Patla, 1998). If a cross-domain upper 

performance threshold is exceeded, then one may reasonably expect a performance decrement to 

emerge in other domains when performance is maintained in both the visual and physical domains. 

Whether such a performance decrement would emerge in the cognitive domain due to spatial and 

temporal demands of the walking task requires investigation. 

Research on visual control of locomotion has used rather more complex walking tasks than the 

preceding chapters of this thesis. Gaze behaviours have been studied when walking over flat surfaces 

versus rocky terrain (Matthis et al., 2018), when walking through unpredictable automatic doors 

(Cinelli et al., 2009), target stepping and obstacle avoidance (Young & Hollands, 2010), and irregularly 

spaced target stepping tasks (Patla & Vickers, 2003). In all of these examples gaze was oriented 

towards task relevant visual information in the environment to successfully complete the task. None 



 163 

of this research used a concurrent working memory task to investigate dual-task interference. 

However, a recent study did use a target stepping task with concurrent serial seven subtraction task 

and found that gaze was oriented away from task relevant cues more of the time in the dual-task 

condition (Ellmers et al., 2016). Later research investigated the mechanisms through which anxiety 

influences movement planning and jeopardises balance safety (Ellmers & Young, 2019). This research 

found that gaze aversion from the walking path persists even when participants walked on a 3.3 m 

long 40 cm wide walkway raised 1.1 metres above the ground. This finding may suggest that the visual 

domain is especially vulnerable to cross-domain interference and interference may occur even in 

circumstances where such interference would reduce safety. 

A recent review discussed the relationship between saccadic eye movements and locomotion and 

concluded that these share many neural structures and future studies recording eye movements and 

gait will elucidate the interplay between such neural structures (Srivastava et al., 2018). If 

neuroanatomy associated with eye movements and control of gait is also reused by the executive 

functions, as one may extrapolate from the theory of Neural Reuse (Anderson et al., 2013) and the 

stages of development briefly described in Chapter: 2 of this thesis, then one would expect such 

concurrent cognitive tasks to result in impaired eye movements and locomotor performance or 

impaired cognitive performance to preserve locomotor performance. If a two-way interference 

pattern exists then one may expect reduced performance in both domains (Anderson, 2014, p. 310). 

However, if the interference pattern is characteristically one-way but the interference direction can 

be inverted then one may expect to see interference in the cognitive domain rather than the visual 

domain if the spatiotemporal demands in the physical domain, and therefore demands in visual 

perception, are high enough. 

Previous research has investigated the biomechanical demands of stepping over the transition onto 

an escalator and described the importance of anticipatory locomotor adjustments that are necessary 

for smooth transition onto the escalator surface (Hsu et al., 2015). Similar research including eye-
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movement recordings suggests no difference in gaze fixations for middle steps or transition steps 

when transitioning onto and climbing a staircase (Miyasike-Dasilva et al., 2011). Despite foveal vision 

not being a task-critical factor in climbing static stairs the researchers found that the transition steps 

of a static staircase were cognitively demanding (Miyasike-daSilva & McIlroy, 2012). The authors of 

that study note that stair climbing is a common activity and so most people are well-practiced on 

standardised measurements of staircases, and this may have allowed participants to rely on previous 

experience of stair locomotion. By contrast, escalators will require both spatial and temporal accuracy 

due to the moving surface (Hsu et al., 2015). Previous research has found foveal vision is required to 

gain information of moving environmental features that must be navigated such as automatically 

opening doors (Cinelli et al., 2009). Therefore, escalator use may be the ideal locomotor task to require 

sufficient temporal and spatial accuracy to investigate the interference effects with a concurrent 

working memory task. It is expected that gaze aversion might occur during escalator use with a 

concurrent working memory task, in common with the findings of Chapter: 4 and Chapter: 5 of this 

thesis. If gaze aversion does not occur given visual information might be crucial for task performance, 

then it is expected that an upper limit of multitasking performance will be met and a decrement of 

performance in the cognitive domain will be recorded. 

7.2.1 Aims 

The aim of this study is to investigate whether gaze behaviours are altered in the presence of a 

concurrent working memory task during intermittently targeted stepping, by transitioning onto an 

ascending escalator. The study further aimed to understand the direction of cross-domain 

interference between the visual and cognitive domain. 

7.2.2 Hypotheses 

The first visual domain hypothesis states that gaze will be averted from task relevant areas of the 

environment when walking is performed with a concurrent working memory task when mounting the 
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escalator. The second visual domain hypothesis states that the eyes will perform fewer saccades 

during dual-task trials compared to single task trials. 

This first cognitive domain hypothesis states that a decrement in accuracy of the working memory 

task during transition onto the escalator compared to the accuracy for the following responses. The 

second cognitive domain hypothesis states that the interval between response of the working memory 

task will be greater during transition onto the escalator compared to intervals of the following 

responses. 

7.3 Methods 

7.3.1 Participants 

10 participants aged 20-39 years (M = 25.8; SD = 6.46 years) were recruited from the local area after 

responding to advertisements seeking people aged 18-39 with no walking-related physical 

impairments. Previous research on gaze behaviours during locomotion has found effect sizes of 

between 0.75 and 0.99 in previous gaze behaviour research during locomotion (Young et al., 2012). 

Power calculation performed with G*Power (Faul et al., 2007) determined that an effect size of 0.9 in 

visual domain data and a sample size of 10 participants would achieve a power value of 72%. Post-hoc 

analysis of statistical power for the cognitive domain variable in this study of ten participants produced 

a power value 95%. These participants were from the community near to the airport by responding to 

an appeal for participants. All participants were able to walk and embark upon an escalator unaided 

and had normal or correct-to-normal vision. Participants did not require the use of spectacles for daily 

locomotion tasks. All participants signed an informed consent form, which was approved by the 

science faculty ethical committee at the University of Portsmouth in accordance with the Declaration 

of Helsinki.  

7.3.2 Set-up and procedure 
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This experiment required participants to approach and embark upon an ascending escalator under 

two experimental conditions: 1) with (dual task) and 2) without (single task) a simultaneous mental 

arithmetic working memory task (serial seven subtraction). The escalator was a public escalator that 

was utilised by other airport users during the data collection period.  

Gaze location was recorded using a head-mounted eye-tracking device at 100 Hz (Tobii ProGlasses 2, 

Tobii AB, Stockholm, Sweden). Data were recorded to the recording unit supplied with the eye-tracker 

which was worn either on a belt clip or in an over-shoulder pouch depending on the participants’ 

dress. Recordings were initiated, stopped, and monitored during recording by streaming to a laptop 

via Wi-Fi (Toshiba, Tokyo, Japan) using proprietary software of the manufacturer of the eye-tracker 

(Tobii ProGlasses Controller, Tobii AB, Stockholm, Sweden). 

The escalator was manufactured by Kone Corporation, Helsinki, Finland. The escalator step surface 

measured 1 metre wide, 0.38 metres deep, with a step height of 0.24 metres, and the escalator 

velocity was 0.5 m/s at an incline of 35º to the horizontal. 

Participants were asked to approach the escalator from the predetermined start position 3.9 metres 

in a straight approach to the escalator. The distance was determined by environmental constraints of 

the public space, clear of crowd management bollards. Participants travelled to the top of the 

escalator, disembarked at the top and returned down on the adjacent escalator while wearing the 

eye-tracker. Participants were instructed to perform the task at their natural walking speed and to 

embark upon the escalator as normal and to repeat the loop up and down the escalator until asked to 

stop by an investigator. After an introductory briefing, the eye-tracker was adjusted to participant’s 

head using the different nose clips supplied with the glasses. Pupil visibility on eyes cameras were 

manually checked within the software, and calibration was performed by asking participants to fixate 

on the target of the calibration card as per the manufacturer’s recommendations (Tobii AB, Stockholm, 

Sweden). 
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Half of the participants completed the dual-task condition first and half the single-task condition first 

to balance the trial order within the group. In the simultaneous mental arithmetic working memory 

task, participants were asked to complete a serial seven subtraction (Ellmers, Cocks, Doumas, 

Williams, & Young, 2016) from a given three-digit number as fast as possible. Serial seven calculations 

were performed continuously during each dual-task trial, stopping only once the participant finished 

the trial. In the single-task condition participants were asked to walk normally and step onto the 

escalator exactly as they would do on a normal day-to-day basis. Participants completed 4 trials in 

each of the single-task or dual-task conditions, the order of which was counterbalanced across 

participants. Once the participant had completed the 8 experimental trials the experiment was 

complete. 

7.3.3 Data processing 

The period of time during transition from static surface onto an escalator surface is thought to be 

crucial in task performance (Hsu et al., 2015). Hence, the start of each trial was defined as the first 

frame where the target (transition from static surface to moving surface) came into view on the scene 

camera and the end defined as gaze lifting from the steps once transition to moving surface is 

complete (Jovancevic-Misic & Hayhoe, 2009). As such, dwell time data were naturally normalized to 

varying individual trial durations by presenting dwell data by area of interest as the percentage of trial 

duration in frames rather than as a number of frames (Miyasike-Dasilva et al., 2011; Vansteenkiste et 

al., 2015). Six areas of interest (AOI) for gaze location analysis were defined, derived from previous 

research into stair climbing, as follows; 1) Approach, 2) Moving flat surface, 3) Moving steps, 4) 

Handrail, 5) Elsewhere, and 6) No data (Figure 7-1) (Miyasike-Dasilva et al., 2011). The category ‘No 

Data’ was calculated as the difference between the sum of the other five dwell times and the total 

trial duration. 
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Figure 7-1. Areas of interest established to identify gaze location during each trial: Approach (pink), 

Moving flat surface (cyan), Moving steps (blue), Handrail (red), and Elsewhere (yellow). 

7.3.4 Gaze analysis 

Frame-by-frame analysis was conducted for gaze location data within the manufacturer’s proprietary 

analysis software and data exported to a spreadsheet for further analysis (Tobii ProLab, Tobii AB, 

Stockholm, Sweden). For every frame of scene camera footage, the location of the gaze cursor was 

sorted into one of the five AOI categories by manually assigning the location with the click of an on-

screen button (Figure 7-2). Dwell time analysis occurred with RAW data without the velocity threshold 

filter that is used to identify saccades and fixations. However, the RAW signal was processed for frame-

by-frame analysis by utilising a linear gap fill interpolation and moving average smoothing filter as per 

Chapter: 5 of this thesis. The moving average filter reduces high frequency noise with a 3-sample 

moving median window size and gaps in data below 75 ms are interpolated derived from the default 

filter in the Tobii ProLab software for consistency. The fixation filter was used in this study to record 

the number of fixations as an indication of the activity of the eyes during the trials. Where fixations 

were recorded in this study the default fixation filter was used, derived from data from Komogortsev 
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(Komogortsev, Gobert, Jayarathna, Koh, & Gowda, 2010). Saccades were identified by the ProLab 

software using the default I-VT filter (Komogortsev et al., 2010) 

The dwell time on AOIs was recorded directly in the software and then exported to a spreadsheet with 

saccade count for statistical analysis. The primary gaze variables were the dwell times, expressed as a 

percentage of total trial duration, for the five areas of interest (plus no data) and these were compared 

between the walking condition and the walking condition with concurrent serial seven subtractions. 

The secondary gaze variable was the saccade rate (saccades per second) which was also compared 

between walking and walking with concurrent serial seven subtractions. 

 

Figure 7-2. Software setup and AOIs highlighted for gaze location categorisation analysis. 

7.3.5 Working memory task analysis 

The video and audio recordings from the eye tracking glasses were exported for temporal analysis in 

Adobe Premiere Pro CC (Adobe Systems, San Jose, CA). Responses to the cognitive task were marked 

on the timeline of the video file in Adobe Premiere Pro CC (Adobe Systems, San Jose, CA), manually 

transcribed to spreadsheets, and custom scripts were created to produce cognitive domain variable 

data from these spreadsheets in MatLab (MatLab 2019a, MathWorks, Natick, MA). Markers for each 
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of the serial seven task responses were placed at the end of the last syllable of the three-digit number 

on the timeline. Responses to the serial seven subtraction task were recorded as correct if they were 

7 below a previous response regardless of errors made in previous calculations. Therefore, an error 

did not yield a stream of incorrect answers simply because they do not match a list predicted by the 

initial number given. The time interval between responses was recorded and compared during the 

transition onto the escalator with the intervals following transition onto the escalator (i.e. gaze lifting 

from the step surface). The only cognitive variable was serial seven response interval (s) for which the 

response that spanned the escalator transition was compared against the mean of the following four 

response intervals.  

7.3.6 Statistical analysis 

Descriptive statistics (i.e. means and SD) of the differences between dwell time percentages of the 

single task (walking) and dual-task (walking with serial seven subtractions) conditions were calculated 

using IBM SPSS Statistics (SPSS Statistics 26, IBM, New York). To compare the dwell times of the two 

conditions participants’ average were submitted to a t-test per AOI for gaze location, saccades per 

second and trial duration. A Wilcoxon test was used for non-parametric data. Similarly, t-tests were 

used to investigate differences between working memory task variables of response accuracy and 

response interval between the response interval that spanned the transition onto the escalator and 

the mean of the following four responses. Effect size is reported as Cohen’s d (0.2 Small, 0.5 Medium, 

0.8 Large effect), unless the assumption of normality is violated, whereby effect size is reported as r = 

Z/SQRT N. 

7.4 Results 

7.4.1 Visual Domain 

This experiment produced no significant differences in any of the gaze behaviour variables between 

walking with and without a concurrent working memory task. Paired samples t-tests revealed no 
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statistically significant differences in dwell time (%) at each AOI or in trial duration between the 

walking task with and without the concurrent working memory task (Table 7-1). A Wilcoxon Signed 

rank test was performed to test for differences in trial duration between the two conditions and no 

significant differences were found between conditions, T = 42, Z = -1.47, p = .16. 

Table 7-1. Participants’ mean (SD) dwell time (%) per AOI during both single and dual-task 

conditions.  Paired samples t-tests by Area of Interest. 

Area of 
Interest 

Single-
task mean 

Single-task 
standard 
deviation 

Dual-task 
mean 

Dual-task 
standard 
deviation 

t df p 

Approach 8.02 6.84 12.77 13.58 1.4 9 .19 

Flat 29.34 10.75 26.93 9.99 -1.07 9 .31 

Steps 24.37 12.05 23.92 8.17 -0.11 9 .91 

Elsewhere 21.90 11.56 21.09 16.28 -0.28 9 .79 

No Data 13.61 16.26 13.83 13.55 0.08 9 .93 

 

Saccades per second was not significantly different when walking with (M = 0.94, SD = 0.43) or without 

(M = 1.09, SD = 0.54) the concurrent working memory task; t(9) = 0.37, p = .72. 

Trial duration was defined by timings of gaze orienting to and away from the escalator transition and 

no significant difference was found in trial duration (s) between single-task (M = 6.23, SD = 0.84) and 

dual-task (M = 6.27, SD = 0.64) conditions, t(9) = 0.14, p = .89. 

7.4.2 Cognitive Domain 

The mental arithmetic working memory task responses during transition onto the escalator were 

compared with the mean of the following four responses. The accuracy (%) of verbalised responses in 

the mental arithmetic working memory task was not significantly different between the transition 
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response (M = 75.9%, SD = 25.1%) and the mean of the following four responses (M = 80.3, SD = 26.3), 

t(8) = -0.37, p = .72. 

However, the interval (s) between verbalised responses was significantly longer for the transition 

interval (M = 5.03, SD = 1.36s) compared to the average of the following four intervals (M = 3.20, SD 

= 1.33s), t(8) = 3.87, p = .005, d = 1.29 (Figure 7-3). 

 

Figure 7-3. Response intervals during transition onto escalator compared with responses following 

transition. 

7.5 Discussion 

The aim of the present experiment was to investigate whether gaze behaviours are altered in the 

presence of a concurrent working memory task during intermittently targeted stepping, by 

*
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transitioning onto an ascending escalator. The study further aimed to understand the direction of 

cross-domain interference between the visual and cognitive domain during this activity. 

A key finding of this study was that participants did not avert their gaze from task relevant Areas of 

Interest more under dual task conditions than under single-task conditions, so the first visual domain 

hypothesis is rejected. Neither was there a difference between conditions of fixation rate, so the 

second hypothesis was also rejected. No differences were found in accuracy of responses to the 

working memory task between the transition onto the escalator and the following responses so this 

first cognitive hypothesis was rejected. However, there was a decrement in performance in the 

cognitive domain via increased inter response intervals for the response spanning the escalator 

transition, so this second cognitive domain hypothesis is accepted. The results suggest that an upper 

limit for cross-domain multitasking performance was met, and visual domain performance was 

preserved at the expense of performance in the cognitive domain. The preservation of presumably 

facilitative gaze behaviours and one-way interference pattern delaying cognitive performance is a 

novel finding in cognitive-motor interference literature. Whilst much of the cognitive-motor 

interference literature does not seek to investigate interference in the cognitive domain during 

locomotion, the novelty in the present experiment is due to the finding that cognitive interference not 

only occurs but the interference in the cognitive domain task is also temporally linked to the 

complexity of the walking task. In this case, the complexity of the walking task is due to the spatial and 

temporal accuracy required which necessarily increases demands in the visual domain.  

The present experiment was powered for the expected differences in visual domain data where an 

effect size of 0.9 in visual domain data and a sample size of 10 participants would achieve a power 

value of 72% in post-hoc analysis. In contrast to previous chapters, no differences were found in visual 

domain data but large differences were found in response intervals between the escalator transition 

interval and following intervals. Some caution should be exercised with this visual domain result due 

to the large standard deviations around the mean values between conditions at each area of interest. 
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Whilst the study was powered for visual domain data, the high standard deviations relative to the 

means seems likely to be related to the very complex and dynamic environments in which the data 

collection took place. In contrast to a relatively featureless laboratory environment with intentionally 

restricted salient information, the data collection for this experiment took place in a busy public 

environment with much potentially salient information in the visual field. Despite the experiment 

being powered for differences in visual domain performance, the differences found in the cognitive 

domain here are not marginal. The effect size for interference in this domain was far greater (d = 1.29) 

than the effect size anticipated for visual domain data (d = 0.9). Participant numbers were limited due 

to the challenges of conducting a study in a busy airport terminal. Whilst a larger sample size would 

have been desirable, the size of the effect is large, and the alpha value reported is not marginal (p = 

0.005). For future investigations into the direction of cross-domain interference, where domain effects 

may be indicated by slimmer margins, then larger sample sizes will be required.  

Despite differences existing in relevant environmental visual cues between escalators and stairs, the 

distribution of gaze across the areas of interest was remarkably similar between the present 

experiment and previous stair climbing research (Miyasike-Dasilva et al., 2011). In the current study, 

the single task dwell times for the flat portion of the moving surface and the stairs were 29.3% and 

24.4% respectively. As these AOIs immediately follow the transition onto the escalator, it may be 

reasonable to assume that combining the dwell times of these AOIs may reflect the dwell time for 

stairs in the Miyasike-Dasilva et al (2011) study. In this case, the combined Flat and Steps AOIs in the 

present study results in 53.7% compared with 60.5% for steps in the Miyasike-Dasilvsa et al (2011). 

Interestingly, Miyasike-Dasilvsa et al (2011) reported 0% dwell time on the approach to the steps vs 

8% dwell time on approach to the escalator in the present study. For much of the approach dwell time 

in the present study the gaze marker was close to the transition between the static surface of the 

Approach AOI and the moving surface of the Flat AOI. It seems likely that a greater visual sampling of 

this area was required by participants to accurately judge the difference in speed between the static 

surface and the moving surface to adjust step length in preparation to reduce sheer forces as 
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described by Hsu et al (Hsu et al., 2015). It is not controversial that vision remains an important factor 

in successful locomotion as described by Patla (1997). However, in light of the gaze aversion findings 

contained within this thesis, the circumstances when the visual domain is and is not vulnerable to 

interference is naturally of interest. What determines the direction of cross-domain interference 

between tasks? 

The walking task of the present experiment contained spatial and temporal complexity that was 

absent in the previous eye-tracking studies within this thesis. In particular, spatial and temporal 

accuracy is required for smooth transition onto the escalator surface (Hsu et al., 2015) and such 

transitions are thought to be cognitively demanding even on static staircases (Miyasike-daSilva & 

McIlroy, 2012). Compared to the previous studies within this thesis, in this escalator walking task, the 

walking path is elevated into the third spatial dimension due to the presence of the escalator staircase 

to the first floor which introduces height into the task for the first time in this thesis. However, 

elevated path height was also a feature of previous work by Ellmers et al (2019) and this introduced 

postural threat and recorded threat-related alterations to gaze behaviours. Further, the surface of the 

escalator moves with emerging steps that require a level of synchronisation for a person to smoothly 

transition onto the escalator. Step length must be adjusted in the final steps on approach to the 

escalator to match centre of mass velocity to the speed of the escalator and thereby reduce the sheer 

forces experienced upon transition and maintain postural stability (Hsu et al., 2015). In contrast to the 

gaze aversion findings of Ellmers et al (2019), the participants appear to have prioritised performance 

in the visual domain above cognitive domain performance resulting in maintenance of gaze 

behaviours between conditions and also resulting in an increase in mental arithmetic response interval 

duration of around 57% during the transition step compared to the durations of the following 

intervals. It has been observed that dual-task costs may be suffered in either of the concurrently used 

domains and, although work is underway to uncover a neural basis for such domain prioritisation, a 

full understanding neural correlates of the interference effects in a particular domain is currently 

beyond our reach. For a review see (Leone et al., 2017). However, behavioural evidence for the cross-
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domain interference patterns is building and the predictions of the theory of neural reuse may provide 

a rationale for future investigations. As the developmental neuroscience around the executive 

functions and locomotor performance evolves, and through advances in neuroimaging techniques, it 

will hopefully be possible to make more detailed and testable predictions. Of the presently available 

technologies, electroencephalography and functional near infrared spectroscopy may be the best 

tools to begin to investigate the neural basis for the interference effects, and dynamic direction of 

interference, presented in this thesis. 

During transition onto the escalator in the present study, performance in the cognitive domain was 

temporally moderated for the duration of the high accuracy ‘transition’ period. As discussed in 

subchapter 2.2.3, this is an example of a one-way pattern of interference that Anderson was curious 

about (Anderson, 2014, p. 310). Throughout the chapters of this thesis a mostly one-way pattern of 

interference has emerged. In the shuttle-walking task in subchapter 3.3, a one-way interference 

pattern was evident between the cognitive and physical domains resulting in impaired performance 

in the physical domain. In the pedestrian collision avoidance task in subchapter 3.4 evidence was 

found of impaired performance in both the physical and cognitive domains, suggesting a two-way 

interference pattern. In the continuous overground walking task in Chapter: 4 a one-way interference 

pattern emerged where cognitive domain performance was preserved resulting in impaired 

performance in both the visual and physical domains. The exogenous attentional shift to a secondary 

working memory task in Chapter: 5 resulted in a mostly one-way interference pattern with minor 

effects in the cognitive and physical domains but increases in gaze aversion in the visual domain. In 

the experiments contained within this thesis, at least with the variables and domains measured, it is 

clear that the interference pattern of cognitive-motor interference during locomotion has a mostly 

one-way direction. However, as demonstrated in the present study, the direction of this pattern 

appears to be reversible according to task demands. A caveat must be repeated here as, whilst 

performance decrements are observed mostly in one domain, the direction of the pattern of 

interference may be influenced by a range of factors including task demands, posture-first strategy, 



 177 

anxiety, personal choice or social factors. The finding that interference occurs between the 

performance domains is robust and it is difficult to see why any performance decrement would occur 

at all if participants could complete all tasks concurrently without decrement. Due to the number of 

potential confounding factors, it is the direction of the interference pattern that is currently least 

illuminated by the theory of neural reuse, and other previously mentioned frameworks to understand 

interference. 

Interestingly, it is not clear that where one domain does cause interference effects in two other 

domains, this interference is direct. A relevant example exists in the findings of Chapter: 4 where the 

cognitive domain task appeared to cause interference in both the visual and physical domains. It may 

be possible that the cognitive domain task interfered with visual domain performance through altered 

gaze behaviours and the resulting gaze aversion in-turn led to necessary impairments in the physical 

domain. As discussed in subchapter 2.1.3, vision is a central factor in the locomotor system and is the 

only means by which we gain distant environmental information (Patla, 1997). Vision is used in route 

planning, collision avoidance, in accurate foot placement, and in stair climbing (Cinelli et al., 2009; 

Matthis et al., 2018; Miyasike-Dasilva et al., 2011; Young et al., 2012). Therefore, altered gaze 

behaviours due to cognitive factors will impact upon locomotor performance and restrict the envelope 

of capabilities of the locomotor system. The simplicity of the physical domain tasks in the preceding 

chapters of this thesis meant that the locomotor task could be accomplished without error and 

perhaps the reduction in walking speed could be thought of as an adaptive strategy to accommodate 

the altered gaze behaviours. The lower walking speed may compensate for the reduction in path 

oriented dwell time and the successful navigation around the figure-of-eight path must have been 

navigated by peripheral vision, intermittent foveal fixation, or perhaps a combination of both 

(Marigold, 2008). 

Such an interpretation of the hierarchical interference between these three domains makes sense in 

the context of the present study where the intermittent demands of the physical domain task likely 
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resulted a switch of task priority. Performance in the cognitive domain was postponed, ostensibly, to 

preserve performance in the visual domain due to the temporal and spatial complexity of the stepping 

task in the physical domain. The high temporal and spatial requirements in the physical domain and 

the reliance therefore placed on visual domain performance required a task-switch away from 

cognitive task performance to preserve visual and physical domain performance. 

Emerging evidence in the neuroscience literature may hint at domain multitasking and task switching 

relationships that are relevant to the discussion presented here. A recent Cognitive-motor 

interference study tested participants’ task switching performance between an auditory tone 

discrimination task and a number evaluation task during locomotion while wearing a mobile 

electroencephalography (EEG). The locomotion task was an overground walking course containing 

obstacles of varying complexity and EEG recorded Theta oscillation, a measurement associated with 

cognitive functions, including working memory, and spatial navigation (Herweg, Solomon, & Kahana, 

2020). The researchers found that higher levels of walking complexity was associated with reduced 

theta power (Reiser, Wascher, Rinkenauer, & Arnau, 2020). Increased complexity in both the 

movement and cognitive domains impaired fronto-parietal connectivity. Impaired fronto-parietal may 

be a plausible explanation for the one-way pattern of interference emerging between performance 

domains in this thesis. The Reiser et al (2020) study also found that highly complex walking tasks result 

in a scarcity of attentional resources for task-switching. Interestingly, and relevant to the present 

discussion, the authors noted electrophysiological patterns that suggest the increase in optic flow 

during locomotion plays a crucial role in the decrease in processing capabilities seen in cognitive-

motor interference. That study provides both behavioural and neural evidence that cross-domain 

interference is temporally linked to task demands and this suggests competition for neural resources. 

Such a view appears to be compatible with the findings of this thesis and complementary to the theory 

of neural reuse. Future studies such as these are likely to improve the understanding of cognitive-

motor interference and bolster the behavioural findings presented in this chapter with novel analysis 

methods. Such studies in combination with neuroimaging techniques and behavioural studies may 
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find consensus in findings, particularly with regards to temporal aspects such task switching and 

dynamic reallocation of domain resources such as has been demonstrated behaviourally in this thesis. 

The surprising finding of a change in the direction of interference between the visual and cognitive 

domains in the present chapter compared to previous chapters requires caution in interpretation. This 

is due to the number of different theoretical frameworks that could inform interpretation of such a 

finding. Future research may continue to investigate the circumstances under which interference in a 

particular direction may arise or the direction of interference may reverse. The findings of the present 

chapter provide evidence of a circumstance where the direction of interference is reversed but in the 

absence of further research, the frameworks that were outlined in subchapter 2.2.5 along with the 

theory of neural reuse may each provide partial explanations for interference reversal. For example, 

the posture-first theory (Bloem et al., 2006) is likely to be applicable here as it is certainly rational to 

assume that accurate spatial and temporal visual sampling to support postural stability will be 

prioritised over an arithmetic cognitive task in this escalator activity. Indeed, according to the work by 

Bloem et al, one would expect a young and healthy population in particular to adopt a posture-first 

strategy when faced with the postural threat. The finding that performance of an arithmetic cognitive 

task was temporarily sacrificed, ostensibly to preserve performance in the visual domain, is only 

surprising in the context of the studies contained within this thesis where cognitive performance was 

typically maintained and had an interfering effect upon the other domains. Nevertheless, the fact that 

any decrement in performance was observed in any domain demonstrates that task demands were 

above a multitasking upper threshold that could be maintained, and cross-domain interference was 

present. One could argue that participants chose to prioritise performance in one domain over 

another for any number of reasons. However, this position merely speculates on the reasons for the 

direction of interference whilst the fact that performance was not maintained across all measured 

domains means that cross-domain interference did occur. With the current paucity of data on dynamic 

changes in the direction of cross-domain interference, it is not clear that neural reuse is more 

informative than several of these other theories that contain a directional component to task 
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prioritisation and interference. Therefore, much more data is required on the dynamics and direction 

of cross-domain interference. 

The evidence presented in Chapter: 5 of this thesis suggests an increased impact on gaze behaviours 

due to exogenous attention switching or shifting mental sets (Barcelo et al., 2006; Miyake et al., 2000). 

The evidence presented in this thesis suggests a strong role of Working Memory in cognitive-motor 

interference. Previous research demonstrates that Cognitive Inhibition is vulnerable to interference 

from walking tasks (Szturm et al., 2013). Finally, the task-switching and reallocation of resources in 

the present chapter suggests a role for Cognitive Flexibility in cognitive-motor interference. Thus, it 

appears that the three core Executive Functions as described by Diamond (2013) may all play a role in 

the phenomenon of Cognitive-motor interference. It is reasonable to assume that the greater the 

demands on the executive functions, the greater the competition for a wider range of cognitive 

resources during multitasking. 

7.6 Conclusion 

This chapter concludes that facilitative gaze behaviours were prioritised and maintained during the 

approach to and transition onto the escalator. Whilst gaze behaviours were not different between 

embarking upon the escalator with or without the concurrent working memory task, performance of 

the working memory task itself was suspended during transition onto the escalator. This resulted in 

increased intervals between vocalised responses during transition onto the escalator. This evidence 

suggests a one-way multitasking interference pattern with dual-task costs emerging in the cognitive 

domain. 
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CHAPTER: 8 GENERAL DISCUSSION 

8.1 Discussion of main findings 

The overall aim of this thesis was to investigate the role of vision in cognitive-motor interference 

during locomotion. A further aim was to investigate the interference patterns between the 

performance domains during locomotion and consider the theory of neural reuse as a plausible 

explanation for such interference. The findings demonstrate that gaze behaviours are vulnerable to 

interference from cognitive factors and that such interference is temporally linked to fluctuating 

demands in the cognitive domain. Altered gaze behaviours are a plausible explanation for other dual-

task effects such as reduced walking speed and reduced pedestrian collision avoidance. Where altered 

gaze behaviours and reduced walking speed coincide due to concurrent cognitive demands, the 

reduced walking speed may be interpreted as an adaptation to the reduced foveal visual sampling of 

the environment. The findings suggest a predominantly one-way pattern of interference with 

cognitive domain performance remaining resilient and interference being observed in visual and 

physical domain performance. However, in some circumstances the direction of interference may be 

reversed to preserve performance in other domains according to task demands.  

Where findings have shown cognitive-motor interference effects in the physical domain of gait 

control, these effects include slowed walking speed or time to complete walking task and extend to 

hesitance and complete cessation of stepping due to cognitive demands. However, hesitance and 

cessation of walking effects disappeared during continuous overground walking suggesting that 

acceleration, deceleration, and changing direction are especially vulnerable to this kind of 

interference. It is possible that more demanding walking tasks such as precision stepping may also be 

vulnerable to hesitation and cessation of stepping under dual-task conditions, but the escalator trials 

resulted not in stops and hesitations but in postponement of working memory task performance 

presumably to preserve performance in the precision stepping task. Therefore, the interference 

pattern between these domains appears not to be one of a fixed one-way interference but one where 
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the direction of interference can be flexibly inverted according to task demands. Besides a decrease 

in cognitive performance during transition onto the escalator in the trials and a decrease in cognitive 

performance during pedestrian collision avoidance, cognitive performance has been surprisingly 

resilient to multitasking interference throughout the chapters in this thesis. However, the decreases 

seen in cognitive performance were in the walking tasks that were the most dynamic, where 

participants had to respond to moving features in the environment thus requiring spatial and temporal 

accuracy. This suggests that online monitoring of the environment, perhaps including tracking and 

prediction, has a large impact on cognitive performance that is otherwise preserved during walking 

tasks.  

Despite the predominantly one-way interference pattern observed between the cognitive and 

physical domains in this thesis, an interpretation of these findings is that cognitive-motor interference 

during locomotion may not exclusively be the result of a one-way interference pattern between the 

executive functions in the cognitive domain and walking in the physical domain. The interference 

pattern between these two domains may not be direct at all. Instead, a potential alternative view that 

arises from the findings of this thesis is one where the executive functions primarily interfere with 

function in the visual domain. Of all the potential interfering factors in across multiple domains, the 

findings of this thesis may suggest a particularly close interfering relationship between the executive 

functions in the cognitive domain and foveal vision in the visual domain. The data presented within 

this thesis suggests this a predominantly one-way interference pattern. However, this one-way 

pattern of interference may be reversed when spatial and temporal demands in the physical domain 

place greater demands on the visual domain. These findings may be an early step in mapping the 

functional interference that may occur between many different tasks in multiple domains in 

locomotion as well as countless other daily activities.  

8.2 Theoretical implications 

8.2.1 Neural Reuse and other theoretical perspectives 
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In partial response to one of the interference direction questions Anderson poses, the results 

contained within this thesis suggest that cognitive-motor interference, at least in simple walking tasks, 

is an example of interference that is unidirectional, or nearly unidirectional, especially now that the 

effect of, and upon, vision has been included. Whilst there are undoubtedly many interfering factors 

in locomotion, this thesis has taken a more holistic approach than most investigations and measured 

for interference in the physical (locomotion), cognitive (working memory and cognitive flexibility), and 

visual domains (gaze behaviours and visual perception). The results have mostly only demonstrated 

interference within two domains simultaneously when the tasks within the domains are 

interdependent, as is the case with walking and vision. Otherwise, the decrement in performance has 

mostly been recorded in one domain. It is clear from the literature and from the findings of this thesis 

that cross-domain interference exists and the theory of Neural Reuse appears to provide a more 

detailed rationale for this interference than many theories such as those detailed by Pashler & 

Johnston (1998) and others. The findings of this thesis go beyond examining which domains interfere 

with which as evidence is provided of the direction of interference patterns. Indeed, the chapters here 

provide evidence of resources being reallocated between domains according to task-demands in real 

time. This may suggest a temporally and predominantly unidirectional relationship between 

interfering domains that flexibly adapts to the demands of the tasks. However, the current paucity of 

wider evidence of the direction of cross-domain interference does not invite interpretation solely 

through the framework of Neural Reuse. Many other factors influence the extent to which decrements 

in performance may be expressed in one domain over another including anxiety (Ellmers & Young, 

2019) or the adoption of a posture-first/posture-second strategy (Bloem et al., 2006). 

The findings of this thesis provide behavioural evidence of cross-domain interference patterns and the 

theory of Neural Reuse along with theories of the Executive Functions may be the most satisfactory 

of the currently available frameworks to understand these interference patterns. The dynamic 

inversion of the direction of interference according to task demands is not so readily interpreted 

through existing theories due to the number of potential confounding factors in the direction of 



 184 

interference. Therefore, the direction of cross-domain interference, and the dynamic inversion of 

direction, in particular, is likely to be a fruitful path of investigation in future.  

8.3 Summary of significant contributions to knowledge 

The findings of the experiments contained within this thesis provide several new insights into 

Cognitive-motor interference during locomotion. Gaze behaviours are vulnerable to interference from 

cognitive factors during continuous over-ground walking, resulting in gaze oriented away from 

pertinent information during simple walking tasks. Altered gaze behaviours may be at least part of the 

cause of altered gait kinematics due to the close coupling between visual perception and stepping. 

For example, reduction in walking speed may not be directly due to interference from cognitive task 

demands but instead an adaptation to accommodate interference in the visual domain such as gaze 

aversion or dwell time on task relevant environmental features. Such gaze aversion behaviours are 

also affected by externally provoked stimuli such as a task-switch or additional cognitive load that 

further reduces gaze dwell time on pertinent areas of interest. 

Stops and hesitations in walking performance occur under cognitive load but these appear to be 

related to the type of walking task rather than the difficulty of the cognitive task, at least for mental 

arithmetic tasks. Such stops and hesitations were observed in low-risk, low complexity shuttle walking 

tasks but were absent in both continuous over-ground walking or an escalator walking task requiring 

both temporal and spatial accuracy. 

People appear to be able to flexibly reallocate resources according to task demands. For example, 

people may preserve gaze behaviours when spatial or temporal accuracy is required and instead 

temporarily sacrifice performance of the cognitive task. The novel theoretical perspective contained 

within this thesis is the drawing together of cognitive-motor interference evidence from a wide range 

of research disciplines, highlighting the common themes in the findings between these disciplines, and 
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finally proposing Neural Reuse as a theoretical framework within which to better understand these 

findings. 

8.4 Practical significance 

This thesis has investigated the role of vision within cognitive-motor interference during locomotion. 

Much of the research that has informed this programme of research has been in the field of ageing, 

cognitive impairments, and falls. Although the different performance domains and the different 

research fields have typically been studied in a siloed fashion with each discipline remaining largely 

separate with its own body of literature, both the behavioural findings and the holistic approach 

presented here hold practical significance in the broad field of ageing research. Researchers have 

already been investigating the potential for gait signatures and eye movement characteristics to be 

used in the early diagnosis of cognitive impairments (Molitor et al., 2015; Montero-Odasso et al., 

2014). As this thesis has found that gaze behaviours appear to be especially vulnerable to interference 

from cognitive tasks during locomotion, it is possible that the combination of measurements of eye 

movements and gait under dual task conditions may be a more sensitive indicator of current or future 

cognitive impairment than attempts at detection in either of these domains in isolation. Similarly, the 

spatial and temporal findings of this thesis should be investigated further as these may facilitate a 

deeper understanding of how these variables relate to age-related cognitive impairments. It is already 

known that the coupling between gaze behaviours and gait may be altered by age-related cognitive 

impairments and other factors such as anxiety and fear of falling (Domínguez-Zamora, Lajoie, Miller, 

& Marigold, 2020; Ellmers, Cocks, et al., 2020; Young et al., 2012). The findings presented within this 

thesis demonstrate that healthy young people are vulnerable to cross-domain interference resulting 

in decrements in performance that may dynamically present differently across the domains according 

to task demands. Such a multitasking limitation is therefore likely to be present regardless of age. 

Consequently, performance decrements of all people in multitasking situations should be anticipated 

and ageing research, in particular, should be interpreted with the understanding that cross-domain 
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interference is a feature of human multitasking performance throughout the lifespan and not merely 

a feature of ageing or disease.  

This thesis demonstrates that performance across disparate domains of walking, cognition, and vision 

can be impaired by multitasking. These performance domains discussed and investigated within this 

thesis were chosen because of the volume of existing research within the various research disciplines. 

However, there is no reason to assume that multitasking interference is limited to these domains. It 

is possible that countless other performance domains suffer interference from these domains and 

perhaps even contribute towards the interference within the domains presented here. Indeed, this is 

why the holistic approach to investigation between domains and across research fields is advocated 

here. A truly holistic approach is an ambitious goal but would minimise the chances of important 

interfering interactions between domains being missed, misinterpreted, or accidentally created in 

future research. 

Outside of the realm of research, the findings and discussion within this thesis hold significance for a 

range of activities of daily living and for the design of public spaces. The final study in this thesis 

demonstrates how such multitasking limitations may manifest themselves in a busy public space, in 

this case a busy airport terminal. In the case of this study the important gaze behaviours to guide 

locomotion were preserved during the transition onto the escalator but the concurrent cognitive task 

was postponed to achieve this. More research is required but one can imagine the many ways in which 

a forced choice between sacrificing cognitive performance or visual/locomotive precision would be 

undesirable if both are required at the same time. The findings contained here should be of interest 

to the designers of busy public spaces and improved understanding of multitasking limitations could 

improve safety and the experience of life in a range of human endeavour including: 

• Accessibility for people with particular impairments. 

• Performance in careers such as emergency services or air traffic control that include 

multitasking and reliance upon temporal or spatial accuracy. 



 187 

• Safety in busy public spaces where there are competing attentional, spatial, temporal, 

multitasking demands such as public transport, transport hubs, retail. 

• Performance in sporting settings where simultaneous multitasking is required across multiple 

domains. 

Efforts may be made to remove the burden of multitasking by considering the coincidence of 

temporal, spatial, and attentional factors. This may take many forms depending on the circumstance 

and need for optimal performance, for example; 

• Accommodating the possibility of higher cognitive load to perform with physical disability. 

• Streamlining and simplifying the coincidence of locomotor tasks, visual tasks, and cognitive 

tasks for emergency workers. 

• Considering the multitasking demands of urban environments with pedestrians, traffic, town 

furniture, crossings with time limits, advertising, signage etc. 

• Caution when choosing the timing of verbal coaching in live sport.  

The extent to which these considerations may optimise human performance in these settings requires 

further research but the theoretical links to this thesis provide a rationale for such investigations in 

future.  

8.5 Future research 

The discussions of literature and the findings contained within this thesis have both presented 

opportunities for future research. The discussion of literature has presented a rich body of research 

from a range of disciplines and using various research methods. As such, there are many interesting 

findings, but the cognitive-motor control literature lacks a cohesive theoretical framework and is 

divided by inconsistent use of language, as one would expect, from the disparate research disciplines. 

Future research should seek to do three things: Firstly, locomotion research should take as holistic as 

possible a view, especially when designing studies and choosing relevant variables. Secondly, future 
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research should also investigate the individual mechanisms that may play a role but without losing the 

holistic context for the research. For example, a study into oculomotor control should not ignore all 

of the other factors discussed in this thesis and should not exclude factors for the sake of control. 

Finally, future cognitive-motor interference research should continue to draw from a rich and diverse 

range of disciplines but as far as possible endeavour to settle upon a common language and theoretical 

framework for discussing findings. This alone is an ambitious goal. Indeed, it is likely that much of the 

valuable research cited within this thesis is by researchers who do not consider themselves 

researchers of cognitive-motor interference and it is certainly true that a large number have not even 

used the phrase cognitive-motor interference in their writing. That is not to suggest that the use of 

such a phrase is necessary in researching this area, but it does highlight the different approaches and 

inconsistencies in language between even the most influential existing research in this area. A 

pertinent example relating to the findings of this thesis may be the use of the word interference itself. 

Whilst this does seem like an appropriate word in most cases, it is possible that gait is altered as an 

adaptive response to cognitive interference in the visual domain. Such an interpretation frames 

reductions in gait performance variables as a positive adaptation rather than evidence of direct 

interference.  A similar inconsistency exists with the concept of direction of interference. In the case 

of cognitive vs postural prioritisation, the direction of interference could be considered an 

interference effect, a strategy, a priority, or a preference. There is much useful discussion in the 

posture-first/second literature and some findings may perhaps, for example, be generalisable from 

Parkinson’s Disease research to other research disciplines. More work is required to settle upon more 

universally accepted terminology, based upon research, to facilitate the exchange of ideas between 

research disciplines. In addition to these topic-specific ideals, there are many specific questions for 

future research that have arisen during this thesis. For example, potential exists for interference 

between cognitive factors and oculomotor control. An investigation into such a possibility would have 

a profound effect on interpreting the findings of this thesis and other work in the field of cognitive-

motor interference. 
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8.6 Methodological limitations and considerations 

The work contained within this thesis has several limitations that must be appreciated when 

considering the findings. The first limitation concerns the nature of cognitive tasks, the conclusions 

drawn from their use, and the experimental control that can be exerted when studying the human 

mind. In setting experimental tasks such as serial seven subtractions it is possible to make some 

assumptions about the type of cognitive processes, but one cannot control all of the things that occur 

in the mind and therefore cannot be sure that other cognitive factors are intruding. If responses to 

the serial-seven subtraction task were given by participants, then we can at least be sure that 

calculations have been made but it is not possible to rule out additional cognitive load from other 

sources. 

Similarly, the number of possible variables that affect walking performance is vast. The variables used 

in this thesis are common in the literature, much more work is likely to be required to understand the 

multitasking of the locomotor system to ensure that other variables that may be important are not 

overlooked. 

Mobile eye-tracking glasses were used for data collection, and it was therefore possible to measure 

the approximate location of foveal vision with a degree of accuracy during these experiments. 

However, a limitation of a such an experiment is that it is not possible to determine whether the 

information presented to the peripheral visual field is being attended to. Indeed, it is also not possible 

to say with certainty whether the foveal visual field is being attended to, and when if attention is 

discontinuous. This may be especially useful in the case of gaze aversion. Some assumptions can be 

made about the type of information that is attended to by each area of the visual field. However, in 

the context of the experiments conducted within this thesis, the extent to which navigation may be 

guided by peripheral vision is a particular limitation in interpreting findings.  
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Regarding the Neural Reuse discussions presented here, there are several considerations. These 

include the scale of the tasks in different domains. In addition to the ‘reused’ structures that support 

functions, functions in some domains may be more complex, larger in scale, or more difficult. Another 

consideration may be efficiency. Is a function performed more efficiently if it is performed by 

structures that were designed for that purpose than a function that developed later and is borrowing, 

reusing, networks? There are many limitations in interpreting findings in light of the theory of neural 

reuse because of the dearth of brain imaging studies in locomotion and cognitive-motor interference. 

This appears to be an area particularly ripe for innovative research alongside rapid improvements in 

brain imaging technology. 

As highlighted several times in this thesis, there are differences in the extent to which variables in 

different domains can be measured directly. For example, in the physical domain measurement of 

variables such as position, displacement, and velocity can be measured simply and directly, or 

calculated from direct measurements. In the visual domain, direct measurements can be made of the 

pupil position or rotation position of the eye relative to the head but the locus of gaze is a projection 

based upon a model of eye kinematics. Whether the locus of gaze is the locus of attention is further 

complicated by the existence of overt and covert visual attention, so the interpretation of where an 

individual is ‘looking’ is an assumption based upon indirect variables. Finally, the measurement of 

factors in the cognitive domain is less direct still. For example, the extent to which executive function 

or working memory performance is measured is the assumed outcome variable, based upon audio 

recordings in this case, from which theoretical arguments can be constructed about cognitive domain 

performance. Therefore, caution should be exercised when directly comparing between performance 

domains because the types of things being measured are very different and the level to which 

variables can be directly measured varies greatly between the domains. 

Finally, there are many potential confounding factors that may influence the direction of cross-domain 

interference. For example, an inversion of the direction of interference from the physical domain to 
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the cognitive domain may have a neurological basis but based upon current understanding of cross-

domain interference, such an inversion could equally be the product of a posture-first multitasking 

strategy, moderated by anxiety, or the result of other factors such as social factors or environmental 

cues. Therefore, the ability to interpret the directional findings through an existing theoretical 

framework will remain limited until a broader range of investigations are conducted to illuminate 

these directional findings.  

8.7 Conclusion 

Performance in the visual domain is vulnerable to interference from factors in the cognitive domain, 

resulting in altered gaze behaviours. The findings of this thesis demonstrate a predominantly one-way 

cross-domain interference pattern where the cognitive domain remains resilient to interference which 

is seen in the visual and physical domains. However, the direction of this interference was reversed 

where spatial and temporal accuracy were required, resulting in impaired performance in the 

cognitive domain. Due to its vulnerability to interference from the cognitive domain and its 

importance for locomotor performance, vision is likely to play a central role in cognitive-motor 

interference during locomotion. 

The preservation of performance in the cognitive domain and vulnerability to interference in both the 

relatively earlier-developing visual and physical domains are in line with the predictions that may be 

extrapolated from a developmental view of Neural Reuse and the role of the Executive Functions. 

Therefore, these theories may have utility when interpreting cross-domain interference. For future 

researchers, these findings of interference patterns between the visual, cognitive, and physical 

domains may provide the basis for building a broader functional multi-domain multitasking 

interference map. The dynamic inversion of the direction of cross-domain interference is a particularly 

interesting finding and more research is required to facilitate proper interpretation of this finding due 

to the large number of potential confounding factors in interference direction. 
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CHAPTER: 10 APPENDICES 

10.1 Appendix A: Continuous Overground Walking Path Design 

10.1.1 Introduction 

A common methodological approach adopted during the measurement of gait kinematics during 

walking over short distances such as shuttle walking (Dicks et al., 2016) or targeted stepping (Young & 

Hollands, 2012) has been the utilisation of motion capture systems. Similarly, such measurement 

techniques have been utilised in previous dual-task walking studies (Bloem, Valkenburg, Slabbekoorn, 

& Willemsen, 2001), when gait variables have been recorded during continuous treadmill walking. 

However, a previous comparison between overground and treadmill walking in healthy subjects has 

found kinetic and kinematic differences between the two settings (Riley, Paolini, Della Croce, Paylo, & 

Kerrigan, 2006). Moreover, intra-stride variations in treadmill belt speed have also been shown to 

alter gait kinematics in a manner atypical of overground walking (Savelberg, Vorstenbosch, Kamman, 

Van De Weijer, & Schambardt, 1998). These differences between overground and treadmill walking 

are a concern for experiments seeking to measure gait variables during continuous unimpeded 

walking. In addition, previous research has demonstrated that cognitive-motor interference during 

walking may be characterised by stops and hesitations (Bloem, Valkenburg, Slabbekoorn, & 

Willemsen, 2001). A powered treadmill running at a fixed speed will compromise these gait patterns 

and could also be dangerous for participants, in instances when they hesitate or pause due to 

cognitive-motor interference. 

As a treadmill would not afford natural gait kinematics or the emergence of disrupted walking 

performance such as stops and hesitations, an informed decision must be made about the design of a 

walking path that would be suitable for continuous overground walking. Many previous studies have 

used a straight shuttle walk along a corridor (Bloem, Valkenburg, Slabbekoorn, & Willemsen, 2001; 

Moreau et al., 2008; Srygley et al., 2009). However, to walk continuously for extended period of time, 
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a shuttle walk will contain multiple acceleration and deceleration phases as well as 180˚ turns. A 

figure-of-eight path has been previously validated for continuous overground walking for older 

participants with mobility impairments (Hess et al., 2010). Such a walking path has clear benefits in 

terms of bilateral symmetry for left and right turns as well as the potential to be less cognitively 

demanding than a more burdensome path shape. A path must be identified for future studies that 

affords continuous overground walking to allow for the emergence of gait characteristics and gaze 

behaviours over extended durations. The criteria for such a walking path for the purposes of the 

studies within this thesis of continuous unobstructed overground walking is that it should afford 

continuous walking without unnecessary obstacles, navigational burden, or kinematic asymmetry. In 

addition to this, the path should provoke as little cognitive burden as possible as the following 

experiments will assess the effect of cognitive tasks upon otherwise unimpeded walking performance.  

The aim of this pilot study was therefore to record the subjective experiences of participants walking 

around four walking paths, including a figure-of-eight path at a comfortable and maximal speed, with 

and without a concurrent mental arithmetic task. 

10.1.2 Methods 

Participants 

Four participants (Age: M = 37.7 SD = 9.2) volunteered to walk around each walking path in addition 

at both comfortable pace and maximum walking speeds 

Procedure 

Four path designs were tested to give the longest possible simple uninterrupted walking path in the 

laboratory space available (Figure 10-1). These paths were designed to maximise the uninterrupted 

walking distance within the limited laboratory space without being cognitively demanding to navigate. 
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Figure 10-1. Initial path designs. Each path was 1 metre wide and clearly marked in a 4-metre wide 

area of the floor of the laboratory. Approximate path distances were A) 14 metres B) 12 metres C) 

9.42 metres and D) 18.8 metres depending on the lateral placement of the participant on the path. 
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Subjective experiences of the participants were sought by verbal request for feedback after the testing 

session to determine whether the paths were comfortable to walk around, suitable for maximum 

walking speeds, and not likely to unduly distract from the concurrent cognitive task. Participants 

repeated the walking tests including a serial three subtraction task to induce a cognitive load. 

10.1.3 Results 

All participants found paths A & B to result in distracting acceleration and deceleration and path A, in 

particular, resulted in distraction from the cognitive task. All participants reported feeling very dizzy 

walking around Path C, the circular path, even during comfortable pace walking. This was especially 

problematic as several laps would be required in future experiments. Participants reported path D to 

be comfortable, not distracted and the dizziness in path C was absent. 

10.1.4 Discussion 

Although paths A-C were designed to make best use of the laboratory space available, they have 

proven to be unsuitable for the planned studies that investigate cognitive-motor interference during 

continuous overground walking. The figure-of-eight path (D) had the required characteristics for 

continuous overground walking but requires much more space than paths A-C. A figure-of-eight path 

has been previously validated for continuous overground walking for older participants with mobility 

impairments (Hess et al., 2010). Such a figure-of-eight path would be too large for the space available 

in the motion capture laboratory used for this pilot test when motion capture equipment is present. 

A method of capturing basic motion data such as step count must be found in order to utilise the 

figure-of-eight path in a larger laboratory space without motion capture equipment. 

10.1.5 Conclusion 

The figure-of-eight path shape is suitable for the continuous overground walking studies planned for 

Chapter: 4 and Chapter: 5 of this thesis. 
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10.2 Appendix B: Identification and measurement of steps. 

10.2.1 Introduction 

Practical resource limitations (the larger laboratory could not accommodate a motion capture system) 

resulted in the need to investigate an alternative method of measuring walking variables for 

continuous walking along a figure-of-eight path. Variations in the frequency of steps have been 

reported in the literature including stops and hesitations of walking performance (Bloem, Valkenburg, 

Slabbekoorn, & Willemsen, 2001). It is, therefore, essential that the number of steps is accurate. A 

missed step could be misinterpreted as a brief cessation of walking performance which would be an 

important finding in the context of this research. Similarly, an extra step being erroneously recorded 

during the swing phase of the gait cycle will increase the measure of step time variability which would 

also be problematic. 

Inertial Measurement Units (IMUs) are commonly used in locomotion research to produce 

measurements of gait and, in combination with custom algorithms, are able to identify the different 

gait patters of walking, running, stair ascent, and stair descent (Li, Derrode, & Pieczynski, 2019). IMUs 

are devices that comprise a combination of technologies (often an accelerometer, magnetometer, and 

gyroscope) to produce a measurement of movements based upon Newton’s laws of motion. Previous 

research with the goal of step counting in a free-living environment has demonstrated a high level of 

agreement between commercially available IMUs placed at the ankle, thigh, and waist of participants 

and the gold standard of manual video analysis for step identification when measuring step cadence 

(Fortune, Lugade, Morrow, & Kaufman, 2014). The continuous overground walking tasks around the 

figure-of-eight path in this thesis are expected to be performed at a relatively uniform pace and the 

path is uncluttered. The data collection periods are expected to be around one minute in duration. 

Therefore, many of the challenges of accurately measuring step counts by accelerometer during free-

living activities over the course of hours or days will be absent. As steps have been previously 

accurately identified from a single accelerometer signal (Fortune, Lugade, Amin, & Kaufman, 2015; 
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Fortune et al., 2014), it is hoped that step identification via data from the on-board accelerometer of 

a head-mounted eye-tracker in the comparatively controlled laboratory environment will bolster the 

video analysis method by increasing the sampling rate and therefore improving the temporal accuracy 

of step measurements. Such a semi-automated hybrid approach will improve temporal accuracy 

without over-automating the process and risk errors in step data due to lack of human input. 

For the proposed programme of research, it will be necessary to accurately identify when steps occur 

in order to derive variables such a step cadence and step time variability that are common in cognitive-

motor interference literature (Al-Yahya et al., 2011). The aim of this pilot study is to test whether the 

on-board accelerometer of a head-mounted eye-tracker can accurately identify steps whilst walking 

on the figure-of-eight walking path in combination with manual video analysis and manual inspection 

of accelerometer data to improve temporal accuracy. 

10.2.2 Methods 

Two participants (Age M = 33.5s, SD = 10.6) completed three laps around the figure-of-eight path 

whilst wearing a head-mounted eye tracker (Tobii ProGlasses 2, Tobii AB, Stockholm, Sweden) that 

sampled eye pupil position at 100 Hz and also contained an on-board tri-axial accelerometer also 

sampling at 100 Hz. A video recording (iPad Pro, Apple Inc., Cupertino, CA) sampling at 25 Hz was also 

made of the laps to compare the IMU data with visual inspection of steps with the tripod-mounted 

recording device placed adjacent to the start line of the walking path with a good view of the walking 

surface (Figure 10-2). Steps were identified at the instant of foot contact from the video as this should 

coincide with the impact peak in data of the resultant signal from the three channels of the 

accelerometer. 

To acquire the resultant signal from the three channels of the accelerometer, data were exported 

from the eye-tracking glasses and steps were identified using a custom script for peak identification 

of resultant data from the tri-axial accelerometer (atotal = sqrt (x2 + y2 + z2). A custom script was written 
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in MatLab to smooth resultant accelerometer data with a moving average filter with a window of 20 

frames. To accommodate differences in gait between participants, footwear, and condition, settings 

within the script were tailored to each trial with a manual visual input to identify the first step and 

peak threshold on an automatically generated graph in MatLab. The external video which was 

synchronised with the gaze video was used as a check for step identification accuracy. A MatLab script 

calculated the time difference between the first foot contact over the start line at the start of the first 

lap and the first foot contact over the line at the end of the third lap. 

Step counts were compared between the automated method using accelerometer data and the 

manual method from video analysis to generate an agreement percentage. The timings of the 

recorded steps were also visually verified to confirm the accuracy of the step counts but also provide 

an indication of the improvement in step time accuracy due to the higher sampling frequency of the 

on-board 100 Hz accelerometer of the eye tracker compared to the 25 Hz video. 

 

Figure 10-2. Video recording for manual identification of steps during the walk of the figure-of-eight 

path. 
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10.2.3 Results 

The step count between the automated accelerometery method and the manual visual inspection 

from video analysis were in 100% agreement for all laps performed by both participants. Steps were 

correctly identified from the resultant accelerometer signal and noise was ignored by the 

identification algorithm for the overground figure-of-eight walking task (Figure 10-3).  

 

 

Figure 10-3. Example of steps automatically identified from the resultant accelerometer signal of 

three laps of the figure-of-eight walking path. 

In addition to step verification, comparison of the two methods of step identification also highlighted 

the improved temporal accuracy of the accelerometer step identification method. 
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Figure 10-4. A 2-second except of the example lap as a comparison of temporal accuracy of the 100 

Hz accelerometer data and the 25 Hz video data. The grey vertical bars represent the video frames. 

The timings of the steps are shifted to coincide with the video frame within which they occurred 

whereas the timings of the steps identified by accelerometer have greater temporal accuracy. 

10.2.4 Discussion 

The aim of this pilot study was to test whether the on-board accelerometer of a head-mounted eye-

tracker can accurately identify steps whilst walking on the figure-of-eight walking path in combination 

with manual video analysis and manual inspection of accelerometer data to improve temporal 

accuracy. 

The automated process described here was able to accurately detect steps from accelerometery data 

from a head-mounted eye-tracker and sampling at 100 Hz was able to improve on the temporal 

accuracy of the 25 Hz video analysis. Furthermore, this hybrid method is not entirely automated and 

whilst much faster than video analysis it retains human checks and oversight for each trial to provide 

quality control for errors in identification. However, no such errors were observed during this analysis. 

This hybrid analysis system of step identification with improved temporal accuracy when compared 

to video analysis is suitable for the continuous overground walking around the figure-of-eight path in 

the present thesis. Such a method was possible in part due to the relatively predictable and uniform 
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nature of steady state walking. It is not likely to be suitable for free-living activities described in other 

research and neither is it likely to be suitable for anomalous trials, such as hesitant or disrupted gait, 

in the described figure-of-eight path. However, the hybrid of partial automation with human oversight 

means that such anomalies will be caught during human oversight and may be dealt with manually. 

10.2.5 Conclusion 

The hybrid system of step identification described here partially automates the identification of steps 

and improves upon the temporal accuracy of a 25 Hz video analysis whilst still retaining human 

oversight. It is therefore suitable for the limited case use of relatively uniform walking tasks in 

uncluttered environments such as the figure-of-eight walking path. This method will therefore be used 

in the analysis of step data for Chapter: 4 and Chapter: 5 of this thesis.  
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