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Spatial navigation is essential for everyday function. It is successfully achieved 

by combining internally generated information – such vestibular and self-motion 

cues (known as path integration) – with external sources of information such as 

visual landmarks. These multiple sources and sensory domains are often 

associated with uncertainty and can provide conflicting information. The key to 

successful navigation is therefore how to integrate information from these 

internal and external sources in the best way. Healthy younger adults do this in a 

statistically optimal fashion by considering the perceived reliability of a cue 

during integration, consistent with the rules of Bayesian integration. However, 

the precise impact of ageing on the component senses of path integration and 

integration of such self-motion with external information is currently unclear. 

Given that impaired spatial ability is a common problem associated with ageing 

and is often a primary indicator of Alzheimer’s disease, this thesis asks whether 

age-related navigational impairments are related to fundamental deficits in the 

components of path integration and/or inadequate integration of spatial cues. 

Part 1 focussed on how ageing impacts the vestibular, kinaesthetic and visual 

components of path integration during linear navigation in the real world. Using 

path reproduction, distance estimation and depth perception tasks, I found that 

older adults showed no performance deficits in conditions that replicated those 

of everyday walking when visual and self-motion cues were present. However, 

they were impaired when relying on vestibular information alone. My results 

suggest that older adults are especially vulnerable to sensory deprivation but that 

weaker sensory domains can be compensated for by other sensory information, 

potentially by integrating different spatial cues in a Bayesian fashion: where the 

impact of unreliable/diminished senses can be minimised. 

Part 2 developed the conclusions of Part 1 by testing younger and older adults’ 

integration of visual landmarks and self-motion information during a simple 
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homing task. I investigated the hypothesis that the integration of spatial 

information from multiple sensory domains is driven by Bayesian principles and 

that old age may affect the efficiency and elasticity of reliability-driven 

integration. Younger and older participants navigated to a previously visited 

location using self-motion and/or visual information. In some trials there was a 

conflict of information, which revealed the relative influence of self-motion and 

visual landmarks on behaviour. Findings revealed that both younger and older 

adults integrated visual and self-motion information to improve accuracy and 

precision, but older adults did not place as much influence on visual information 

as would have been optimal.  This may have been the result of increased noise in 

the underlying spatial representations of older adults. Furthermore, older adults 

did not effectively re-weight visual and self-motion cues in line with the changing 

reliability of visual information, suggesting diminished plasticity in the 

underlying spatial representations. However, further development of the testing 

paradigm would strengthen support for these findings. Together, the findings of 

Part 2 suggest that increased neural noise and the suboptimal weighting of 

spatial cues might contribute to the common problems with navigation 

experienced by many older adults.  

This thesis provides original evidence for age-related changes to multisensory 

integration of spatial cues. Path integration abilities are relatively preserved when 

older adults navigate linear paths in the real world, despite loss of vestibular 

function. However, navigation is affected by old age when the task becomes 

more complex. Multisensory integration of spatial cues is partially preserved but 

it is not fully efficient. I offer evidence that the navigational impairments 

common to old age are related to fundamental deficits in the components of path 

integration, task complexity, and suboptimal integration of spatial cues. 

Crucially however, path integration is preserved sufficiently in older adults that 

they are able to navigate in small scale with relative success. 
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1 

Introduction 

 “Navigation in space is hard. On Earth there are references to go by, 

things to look at, roads to follow. The problem is worse in orbit since we’re 

going so fast – a small error gets worse quickly at 8km/sec. We navigate 
using reference to the Earth and the stars, have a computer onboard that 
tracks our speed and direction, and constantly updates.”  

Chris Hadfield, Astronaut. 

 

1.1 Overview   

We have an innate ability to navigate the world around us. Navigation, in its 

broadest sense, refers to the process or activity of determining one’s position, 

location and direction, and planning and following a route. As Chris Hadfield 

(above) highlights, mammals navigate by tracking speed, direction and location 

using references from internally generated self-motion cues such as vestibular 

information, muscle feedback and optic flow, and reference to information in the 

world around us, such as visual and auditory landmarks. As with the course of a 

space shuttle, human navigational systems are constantly updating the position 

and orientation of the moving mammal. However, each source of information is 

inherently associated with a level of noise and uncertainty, and cues can provide 

conflicting information (Cheng et al., 2007). Furthermore, as with orbiting, 

errors in mammal navigation can quickly accumulate. It is therefore essential for 

a navigator to efficiently integrate different sources of information to be as 

accurate as possible and to minimise uncertainty.  

In nature, there are many examples of successful navigation, often over routes 

that have never been travelled by the animal before and/or long distances. One 
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prominent example of this skill is the incredible Arctic Tern (Sterna paradisaea) 

which navigates over 40,000 miles, from the North Pole to the South Pole, to 

breed and spend the winter (Egevang et al., 2010). Research suggests birds are 

able to accurately find their way by integrating information from magnetic 

receptors in their inner ears and beaks (Zapka et al., 2009; Treiber et al., 2012). 

Humans do not usually use navigation on such an impressive scale; however, we 

use a combination of information for everyday tasks such as navigating a 

supermarket, or knowing one’s location in different parts of a city.  

Navigational abilities show a marked decline in healthy ageing, often apparent 

after 60 years of age and further accelerated after 70 years of age (Barrash, 1994). 

Older adults become less accurate and more uncertain when using spatial 

information (Allen et al., 2004; Mahmood et al., 2009; Harris and Wolbers, 

2012; Adamo et al., 2012). Furthermore, older adults also display problems with 

integrating non-navigational information (Laurienti et al., 2005; Hugenschmidt 

et al., 2009; Setti et al., 2011). However; age-related effects of integrating spatial 

information are currently unknown. Whilst some studies have documented the 

age-related impairments to navigation that relies on multisensory information 

(Allen et al., 2004; Mahmood et al., 2009; Harris and Wolbers, 2012; Adamo et 

al., 2012), there is currently a gap in understanding how ageing affects the actual 

integration of body-based and external spatial information during navigation. 

Therefore, I set out with the aim of answering this question: how does ageing 

affect the mechanisms of integration during navigation? I identified that this 

could be subdivided into two processes: the integration of vestibular, 

proprioceptive and kinaesthetic cues to generate an internal representation of 

location (known as path integration) and the integration of this self-motion with 

external visual information. I set out to answer this question with a series of 

behavioural experiments based in the real world. By examining different 

information sources individually and in combination, I firstly investigated the 

consequences of ageing on integrating body-based information for spatial 

updating. By then presenting sources of information in conflict, I used Bayesian 

models to examine age-related changes to the mechanisms of reliability driven 
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integration during navigation. By comparing performance of younger and older 

adults on a variety of tasks that required utilising and combining different 

sensory cues; I assessed whether ageing impairs our ability to use spatial 

information to effectively travel through the world around us.  

 

1.2 How ageing affects vestibular, proprioceptive and 

kinaesthetic information, and their integration 

1.2.1 Path integration. Path integration (PI) is a vital aspect of spatial 

navigation. Sometimes referred to as dead reckoning, animals use a combination 

of internally generated idiothetic cues (e.g. optic flow, proprioceptive, motor 

efference copy and vestibular systems) to continually track changes in position 

and update estimates of their location (Darwin, 1873).  Many animals, from ants 

to rodents, dogs and humans, use PI to return home by the shortest route, even 

when the outbound path was convoluted (Figure 1.1a). It is generally accepted 

that PI operates by accumulatively updating an individual’s location 

proportionally to each incremental step (Mittelstaedt and Mittelstaedt, 1982; 

Moffat, 2006; Etienne and Jeffery 2004; Lappe et al., 2007, 2009). PI is vital to 

navigating unfamiliar environments and is also a key process informing cognitive 

maps (Gallistel and Cramer, 1996; Montello, 1998; Loomis et al., 1999; Wolbers 

and Hegarty, 2010). Most everyday navigation occurs in cue-rich environments 

where external landmarks (visual, auditory or olfactory landmarks) tend to 

dominate (Cheng et al., 2007) and can act as a ‘corrective guide’ for self-motion 

cues, which are prone to inaccuracy and uncertainty (Allen et al., 2004; van der 

Meer et al., 2010). However, when external cues are absent – such as in darkness 

– mammals are able to maintain an internal representation of space and use 

idiothetic cues to find their way (Mittelstaedt and Mittelstaedt, 1982; 

Mittelstaedt and Glasauer, 1991; Mittelstaedt  and Mittelstaedt, 2001; Etienne 

and Jeffery, 2004; Allen et al., 2004). However, when idiothetic cues are relied 

upon, error can quickly accumulate, especially in more complex navigation tasks 

(Loomis et al., 1993). 
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The majority of PI studies use simple return-to-origin tasks, such as the triangle 

completion task, where the animal or human travels along an (often sinuous) 

outbound path and is then asked to return to their start position by the most 

direct route (Figure 1.1a). As illustrated in Figure 1.1b, insects, rodents and 

humans are all able to use self-motion to compute their position and so the 

shortest return path; however, as can be seen, this skill is not perfectly accurate, 

especially over longer distances (Loomis et al., 1993; Etienne et al., 1996; 

Etienne and Jeffery, 2004). This may be for several reasons; each sense 

inherently carries a level of noise of uncertainty, and different cues may present 

conflicting information (Cheng et al., 2007). Further, there may be noise 

associated with the underlying neural mechanisms that drive PI. 

1.2.2 Consequences of ageing on the vestibular system. The vestibular system, 

largely located in the vestibulum of the inner ear, is fundamental to PI. The 

majority of navigation requires both linear movements (translation) and rotation, 

which the vestibular system processes with two structures; the semi-circular 

canal system to direct rotational changes, and the otoliths to direct linear 

accelerations. The vestibular system provides the foremost source of idiothetic 

information to the navigating mammal; human navigation therefore critically 

Figure 1.1 a) Path integration 

allows the moving organism to 

travel home by the most direct 

route, even when the outbound 

path is convoluted. Thanks to 

Chiswick Chap for use of the 

diagram. b) Outward (dotted 

line) and return journey in 

hamsters, dogs and humans.  

The solid lines mark the mean 

return path to the point of 

departure of the entire 

experimental group. From 

Etienne et al., 1996. 

 

a) 

b) 
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relies on effective vestibular function. Physiological evidence suggests that 

deterioration of the vestibular system, which occurs with advancing age 

(Agrawal et al., 2013), impairs performance on spatial tasks (Brandt et al., 2005). 

Age-related degeneration is seen in both the semi-circular canal systems and the 

otoliths (Furman and Redfern, 2001). Recent neural evidence also proposes that 

navigational performance is further impaired by an ineffective vestibular system 

disrupting the firing of grid cell rhythms in the entorhinal cortex (Jacob et al. 

2014). Therefore, age-related decline in PI may be a consequence of changes in 

both central vestibular and higher order neural systems. When there is damage to 

the vestibular system, PI becomes dramatically compromised (Glasauer et al., 

1994). Illustrated in Fig 1.2, labyrinthine-defective patients show marked 

impairments in using idiothetic information to estimate walking just 4m. In non-

pathological ageing, vestibular impairments have been shown to manifest as less 

accurate estimations and reproductions of translations and rotations over longer 

distances of 5 – 10m (Allen et al., 2004; Adamo et al., 2012). Visual PI studies 

suggest that navigational errors would be increased over longer distances in both 

younger (Lappe et al., 2007, 2011) but especially older adults (Mahmood et al., 

2009; Harris and Wolbers, 2012). However, currently there has been little 

investigation of vestibular impairments in healthy ageing over longer distances. 

Support for the hypothesis that degraded vestibular information impairs PI 

performance would therefore be strengthened if it was demonstrated that there 

are age-related differences in performance over both shorter and longer distances. 

1.2.3 Consequences of ageing on proprioceptive and kinaesthetic systems.  

Figure 1.2. The paths of blindfolded 

walking to a previously seen goal in 

normal (upper graph) and labyrinthine-

defective (lower graph) human 

subjects. The circle represents the goal 

and squares participants’ final estimate 

of the goal location. From Glasauer et 
al., 1994.  
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Proprioception refers to the perception and awareness of position, motion and 

the relationship between parts of the body, provided by proprioceptors in joints 

and skeletal striated muscles. For example, if blindfolded, one is aware of 

whether their hand is raised or not, owing to proprioceptive feedback from the 

muscles and joints. Kinaesthetic information is used inconsistently across the 

literature, but here I refer to kinaesthetic information as the integration of 

proprioceptive and vestibular information to gain a sense of body position, 

movement and acceleration. Therefore, when an individual is moving through 

an environment without visual information, kinaesthetic inputs are vital.  

Ageing causes a general decline and slowing of motor performance (Welford et 

al., 1977; Larish et al., 1982; Stelmach et al., 1986), associated with declining 

cerebellar function (Bickford et al., 1999). Furthermore, age-related atrophy to 

the motor cortical regions and the corpus callosum are associated with balance, 

gait and coordination degeneration (Seidler et al., 2010). The basal ganglia, 

involved in the initiation, maintenance, planning and timing of complex motor 

movements, is vulnerable to the deleterious consequences of age (Naoi and 

Maruyama, 1999; Ketchman and Stelmach, 2001) which all contribute to an 

overall decline in proprioceptive abilities (Ketchem and Stelmach, 2001). Given 

the decline of these proprioceptive cues, one would expect to observe a marked 

decline in non-visual PI performance. However, current results are mixed. 

Stelmach and Sirica (1986) suggest that proprioceptive motor control was 

substantially diminished in older adults when their movements were constrained, 

but that older adults performed as well as their younger counterparts with the 

addition goal-directed motor behaviour, suggesting that when the sensory system 

is provided with anticipatory information (such as movement towards a goal), 

old age has little effect on proprioception. Their findings are more recently 

supported by Adamo et al., (2012), who found participants were impaired when 

reproducing short distances based on vestibular information, but not when 

kinaesthetic cues were available. It is possible that the integration of vestibular 

and proprioceptive information can be somewhat compensatory of deficits in the 

individual sensory systems; however, this has currently not been tested. Evidence 

suggests that the integration of sensorimotor information is impaired in ageing 
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(Ketchman and Stelmach, 2001; Degardin et al., 2011), and therefore 

investigation of the relative contributions that vestibular and proprioceptive 

information make to kinaesthetic outputs would be an interesting contribution to 

the current literature.  

1.2.4 Consequences of ageing on optic flow. Optic flow refers to the movement 

of visual information present in any given environment. Specifically, it refers to 

the array of motion of boundaries, landmarks, objects and surfaces that arise as a 

result of relative movement between the observer and the environment (Gibson, 

1950; Burton and Radford, 1978; Warren and Strelow, 1985). Optic flow is vital 

to knowledge of one’s location and makes an important contribution to PI 

abilities (Campos et al., 2010) both providing information on the shape and 

distance of objects and regulating movement (Konczak, 1994; Royden et al., 

2012).   

Optic flow abilities are known to decline in old age and studies of PI show older 

adults are impaired at reproducing both linear distances and angular rotations 

(Mahmood et al., 2009; Harris and Wolbers, 2012). However, these studies rely 

on desktop set-ups and virtual environments, and results should be treated with 

caution. It has been suggested that age-related impairments found in optic flow 

tasks may be inflated (Adamo et al., 2012). One explanation for this concerns the 

neural networks that underlie spatial representations. Research with rodents 

suggests that only 20% of location-coding place cells in the hippocampus fire 

when presented with visual and self-motion information in virtual reality, 

compared with 45% firing rates in the real world (Ravassard et al., 2013). 

Therefore, it is important to assess whether optic flow provides efficient 

information for younger and especially older adults in a setting where 

proprioceptive and vestibular information can also be utilised, to reflect everyday 

navigation.  

One notable study by Adamo et al. (2012) investigated the relative contributions 

of vestibular, kinaesthetic and optic flow senses, and concluded age differences 

in PI ability varied as a function of the available sensory domains. Unlike some 

previous work (Mahmood et al., 2009) that presented optic flow stimuli at 
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unrealistically fast speeds, Adamo et al. (2012) presented the task at slower 

movement speeds – far more realistic to a natural walking pace. However, given 

that errors in PI accumulate over distance (Lappe et al., 2007, 2009), Adamo et 

al., (2012) used surprisingly short distances (under 10m, average 5.8m) in their 

measurements, which may have restricted their findings. It’s therefore currently 

unclear how ageing may affect navigation that relies primarily on optic flow in 

real-world situations, over distances greater than a few metres. This gap should 

be investigated, especially as such distances occur commonly in everyday life (for 

example older adults navigating whilst driving). 

1.2.5 Consequences of ageing on path integration. Many of the systems 

involved in PI are known to degenerate as a consequence of old age. Muscle 

control is known to degenerate (Laughton et al., 2003) and vestibular systems 

become less precise (Furman and Redfern, 2001) with advancing age, thus 

impairing PI (Brandt et al., 2005). Furthermore, vestibular atrophy can severely 

affect self-motion ability; patients with chronic peripheral vestibulopathies are 

impaired at maintaining a straight trajectory during walking (Cohen, 2000). 

With older age, balance derived from the vestibular system, muscles and joints 

feedback, and musculoskeletal function become more vulnerable. They 

contribute to a decrease in postural stability and control, which increases the risk 

of falling (Konrad et al., 1999). Alongside deficits with sensory processing, the 

decline in stability and postural control is likely to divert attention away from 

spatial cues and thus impairs navigational accuracy (Kanekar and Aruin, 2014). 

Furthermore, attention diverted away from navigational cues to help maintain 

posture may reduce the precision of spatial coding in the place cell system, 

because the stability of place cell firing is sensitive to changes in attention 

(Muzzio et al., 2009). Finally, the multisensory location and orientation 

neuronal systems in the entorhinal cortex and the hippocampus are known to be 

vulnerable to the adverse effects of old age (Driscoll et al., 2003; Du et al., 2006), 

Taken together, one would expect to see clearly diminished PI abilities in older 

adults.  
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However, the current literature on age-related changes to PI performance has 

found mixed results. This is possibly because of a lack of homogeneity in (a) the 

subset or combined subset of navigational cues studied and (b) the specific 

properties of each study’s task. The majority of the current literature typically 

allows participants to use only a subset of idiothetic senses, such as optic flow 

(Mahmood et al., 2009; Harris and Wolbers, 2012), vestibular cues (Allen et al., 

2004) or idiothetic information (Chance et al., 1998; Mittelstaedt and 

Mittelstaedt, 2001), or a combination of these (Sun et al., 2004) to assess 

navigational abilities. Although this has the advantage of isolating the relative 

influence that each of these senses has on navigation, it leaves our knowledge of 

age-related influences on everyday PI, where most environments are cue rich, 

sparse. To date, only one study aims to examine the contributions of all aspects 

of PI. Adamo et al. (2012) looked at distance and angle rotation estimations, 

based on vestibular input, kinaesthetic cues and optic flow.  They concluded that 

age differences in ability varied as a function of the available sensory domains – 

especially in rotation errors – with older adults, showing the largest deficits when 

relying on optic flow alone. Their results suggest there are no significant age-

related impairments when PI relied on kinaesthetic or vestibular cues. Their 

findings are partially supported; desktop studies which measure PI performance 

based on optic flow show clear age-related deficits in accuracy (Mahmood et al., 

2009; Harris and Wolbers, 2012). However, navigation relying on purely 

vestibular information is also diminished as a result of older age (Allen et al., 

2004). As errors in spatial updating are known to accumulate (Lappe et al., 2007, 

2009) over distance, it is possible that Adamo et al. (2012) found deficits in optic 

flow over the surprisingly short distances they used (under 10m, average 5.8m), 

but that longer distances are needed to fully reveal age-related deficits in other 

idiothetic cues. Secondly, Adamo et al., (2012) only based performance on 

distance/rotational reproduction accuracy. However, non-navigational working 

memory (Robertson et al., 2006; Vandermorris et al., 2013) and reaction time 

tasks (Dykiert et al., 2012) suggest that older adults are also less consistent in 

their estimations and therefore show a higher variability, possibly because of 

increased noise in the underlying neuronal systems. To my knowledge, this has 
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previously only been explored in one PI study: Harris and Wolbers (2012) found 

age-related increases in variance during rotation, but not distance reproduction 

tasks. However, this study was desktop based and so PI relied purely on optic 

flow cues. Therefore, their results would benefit from further validation by 

exploring the role of ageing on variability during PI that relied on unsighted 

walking.  

1.2.6 Summary of path integration and ageing. PI is the combining of 

vestibular, proprioceptive and visual information with external references to 

constantly monitor and update one’s position in the environment. This is done to 

provide the mammal with a representation of space that allows them to know 

their location in space and return to a starting – or homing – location by the most 

direct route, regardless of which path was taken on the outbound journey. In 

short, as Chris Hadfield describes (see opening quote), mammals have the ability 

of a highly developed ‘on board computer’ for spatial processing. The body of 

literature that exists has established that mammals use PI daily. PI and its 

component parts are vulnerable to the effects of ageing, although current findings 

do not wholly agree on the specific deficits seen. Therefore, the first part of this 

thesis – Chapters 3 and 4 – focussed on assessing the relative contributions of 

vestibular and proprioceptive information to PI abilities in younger and older 

adults. Once these had been established (Chapter 3), I used distance 

reproduction to look at PI behaviour with kinaesthetic and visual inputs, and 

external landmarks in a move to target task. By looking at the performance of 

younger and older adults in a situation that reflected the senses available in 

commonplace situations, I was able to assess PI in older adults as they 

experience it in everyday life. 

 

1.3 Bayesian framework and the effects of ageing on optimal 

multisensory integration  

1.3.1 Overview of multisensory integration. PI is a key tool used by an animal 

to navigate throughout its environment, especially for homing. However, when 
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external information, such as visual landmarks, is available it often dominates 

(Cheng et al., 2007) as visual information drastically improves the accuracy of 

navigational performance (Riecke et al., 2002). Therefore, when visual 

landmarks are present, self-motion often acts as a back-up source of information 

(Cheng et al., 2007). However, previous work has established that self-motion 

information does have an influence on orientation and location estimates, even 

when visual cues are present (Nardini et al., 2008; Page et al., 2014). Each 

source of information is inherently associated with an element of noise and may 

become unreliable or disappear, and different cues may provide conflicting 

information. Therefore, successfully combining different sources of information 

to reduce error and/or uncertainty is a fundamental challenge to any navigator.  

In 1763, Thomas Bayes provided a mathematical theorem for optimally 

combining sources of information according to their respective variances – or 

noise distributions. Recently, Bayes’ theorem has been applied to many 

empirical studies to explain mammals’ behavioural tendency to integrate 

multiple information sources. As outlined by Cheng et al. (2007), there are three 

main derivatives of the theorem (although it can be subdivided further): (a) two 

or more independent present information sources are combined in a weighted 

estimation, (b) a present information source is combined with prior information, 

(c) a present information source is combined with categorical information that 

may be prior or current. The second option is closest to Bayes’ original work, 

although the first is more commonly used in current literature. It is the first 

option I am interested in and use to investigate the combination of self-motion 

and visual landmarks in the second part of this thesis. The framework for this 

Bayesian combination of cues is outlined in the following section. 

1.3.2 The Bayesian framework. As explained by Deneve and Pouget (2004)1, 

the Bayesian framework facilitates the optimal combination of information from 

multiple sources about a specific entity. For example, imagine painting a dot on 

a canvas, to colour in a circle (𝑥). The intended position of the spot can be seen 

(i.e. the circle outline), but it could also be derived from the estimate of arm 

                                                           
1 The equations in this section have been adapted from Deneve and Pouget (2004). 
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posture from holding the paintbrush. Therefore, both vision and the estimate of 

body posture provide spatial information about the circle that is to be painted. 

Inherently, there is a certain amount of noise associated with the visual cortex 

(rvisual) so that the visual estimation of the circle is likely to have a limited 

precision (r refers to a vector. In this case, for example, rvisual refers to a vector 

corresponding to multiple firing visual neurons). As there is a level of uncertainty 

about the precise location of  x it is sensible to calculate the probability that the 

object is at position 𝑥, given the variability of the visual information, 

P(𝑥|𝐫visual). This is known as the posterior probability. As P(𝑥|𝐫visual) refers to 

the noise in visual neurons for a fixed stimulus, i.e. noise not accounted for by 

the stimulus, it can be called the noise distribution. The posterior probability is 

called such because it refers to the probability of the position of the circle, after 

taking into account (in this case) the visual input. The prior probability, P(𝑥), is 

the probability of the position of the circle, which is independent of visual input. 

By Bayes’ rule, the posterior probability can be calculated by combining the 

distribution of noise distribution (the visual neuronal noise) – 𝑃(𝑥|𝐫visual) – 

with any prior knowledge on the distribution of the position of the circle –  𝑃(𝑥) 

– and the prior probability of the visual responses – 𝑃(𝐫visual) – like so: 

𝑃(𝑥|𝐫visual) =
𝑃(𝐫visual|𝑥)𝑃(𝑥)

𝑃(𝐫visual)
    Equation 1.1. Posterior probability 

Equation 1.1 can be simplified. The denominator, 𝑃(𝐫visual), can be ignored as 

it is independent of 𝑥 and it is the position of 𝑥 we are concerned with. Also, 

𝑃(𝑥|𝐫visual) can be obtained experimentally, by repeatedly using visual 

information to locate x (the circle to be painted), and measuring the variability of 

responses (rvisual), or noise distribution. The prior, 𝑃(𝑥), can be ignored. This is 

because the prior can be used to represent prior knowledge, such as the location 

is more likely to be in one position than another. However, in the current case 

(and with subsequent calculations in this thesis) it can be assumed that there is 

no prior knowledge and that all locations are equally likely, and so the prior is 

constant. Therefore, it implies the prior is independent of 𝑥, and therefore is not 

needed. Taken together, Equation 1.1 now looks like: 
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𝑃(𝑥|𝐫visual) ∝ 𝑃(𝐫visual|𝑥)    Equation 1.2. Posterior distribution 

As we are concerned with trying to find the precise position of 𝑥, an estimate of 

the position can be achieved by extracting a value of 𝑥 that maximises the visual 

distribution, known as the maximum posteriori estimate, or MAP: 

χvisual = arg max𝑃(𝑥|𝐫visual)          Equation 1.3 Maximum posteriori estimate 2 

  𝑥 

Vision was not the only source of information about the location of the circle to 

be painted; the posture of the arm also provides input (rposture). This is also 

inherently associated with level of noise, and therefore will also have a noise 

distribution: 𝑃(𝑥|𝐫posture), posterior distribution and MAP (χposture). The 

Equations for computing the posterior distribution for posture information are 

the same as for visual information (and so are not repeated here).  

As both visual and posture information contain a certain level of noise, slight 

discrepancies in the representation of information between the sensory estimates 

will occur. Therefore, the artist in charge of the paintbrush can either decide 

which source of information (visual or body-based arm posture) is more likely to 

be reliable and follow this cue, or find a way to best integrate these conflicting 

information sources to reach an optimal action. Assuming the latter decision is 

made, the two sources are combined to compute a joint estimate (χbimodal). Using 

the same method as Equation 1.3, the estimate χbimodal can be computed, 

maximising the posterior distribution 𝑃(𝑥|𝐫visual, 𝐫posture): 

χbimodal = arg max𝑃(𝑥|𝐫visual, 𝐫posture)                

  𝑥 

Once again using Bayes’ rule, the posterior distributions of the combined visual 

and posture information can be calculated as:  

𝑃(𝑥|𝐫visual, 𝐫posture) ∝  𝑃(𝐫visual, 𝐫posture|𝑥)    

 Equation 1.4 

                                                           
2
 χ is used here as a substitute for an “x” with a circumflex, owing to the limitations of Unicode 

symbols in Microsoft Word.  
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As we can assume that the noise distributions from vision and posture are 

independent of each other, we can calculate their probabilities separately, and so 

Equation 1.4 becomes: 

𝑃(𝑥|𝐫visual, 𝐫posture) ∝  𝑃(𝐫visual|𝑥)𝑃(𝐫posture|𝑥)    

 Equation 1.5 

As Equation 1.2 allows for 𝑥 to be recovered, Equation 1.5 can be further 

represented as follows:  

𝑃(𝑥|𝐫visual, 𝐫posture) ∝  𝑃(𝑥|𝐫visual)𝑃(𝑥|𝐫posture)    

 Equation 1.6 

Equation 1.6 highlights that the bimodal posterior distribution – the probability 

of the location of 𝑥, (the circle that needs painting), given inputs from 

independent visual and posture information – can be taken by calculating the 

product of the visual and posture distributions (i.e. the unimodal distributions). 

Assuming that the distributions of these unimodal distributions are Gaussian (as 

I will here, and demonstrate with experimental data in Chapters 5 and 6),χbimodal 

can be found by taking a linear combination of χvisual and χposture , weighted by their 

respective reliabilities (Figure 1.3): 

  Equation 1.7 

where 1/σ2
visual and 1/σ2

posture, the reliability of the visual and postural inputs, are 

the inverses of the visual and posture posterior probabilities. It is unlikely that 

the reliability of visual and posture information is equal; usually visual 

information is the dominating source when available (Cheng et al., 2007). 

Therefore, the bimodal estimate of the position of𝑥, the circle that needs 

painting, should be closer to the visual estimate. This is depicted in the MAP 

estimates on the x-axis of Figure 1.3. 
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1.3.3 Evidence for Bayesian integration and the effects of ageing. In nature, 

there is an abundance of evidence that animals use different sources of 

information to best gauge and navigate the world around them. For example, 

ants use both idiothetic information and visual landmarks to navigate and plan 

routes home (Cheng, 2006). Mice and hamsters use both internally generated 

information and stable landmarks to navigate, often relying on the landmarks 

even when there is a small conflict between information sources (Alyan and 

Jander, 1994; Etienne et al., 1990; Etienne et al., 1996; Knight et al., 2014; Page 

et al., 2014). Recent evidence suggests that such integration is facilitated by the 

underlying neural connections, such as head direction cells, which integrate 

visual landmark and self-motion information in a weighted fashion, especially 

when the information sources are in larger conflict (Knight et al., 2014).  

Alais and Burr (2004) demonstrated that humans also integrate information in a 

Bayesian fashion, by presenting visual and/or auditory information, both 

congruently and in conflict. Crucially, the precision of the visual information 

varied, so as to present trials where visual information was clearly the more 

reliable, and vice versa. Their results established that when both vision and 

audition were present, participants’ performance fitted well with predictions of 

Bayesian integration and when one information source was clearly more reliable, 

participants’ performance was more greatly influenced by that cue. The results 

establish that younger adults can integrate separate sources of information, based 

on their perceived reliability, to minimise their error and uncertainty. Their 

Figure 1.3. The posterior probabilities of visual (red), self-motion (blue) and combined 

(yellow) inputs. X-axis labels refer to the MAP, based on visual and self-motion 

information, and the combination of the two. A smaller MAP distribution will result in a 

higher posterior probability, which is often taken as a source of information with high 

reliability. 
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findings are supported by other evidence for Bayesian integration in humans in 

both non-navigation (Ernst and Banks, 2002; Gepshtein and Banks, 2003; Knill 

and Saunders, 2003; Petrini et al., 2014) and spatial tasks (Nardini et al., 2008; 

Zhou and Warren, 2010; Chen and McNamara, 2014). 

However, how ageing affects optimal integration of navigational information is 

currently poorly understood. Non-navigational studies, such as vision and 

audition, have suggested that older adults are less able to optimally combine 

sensory inputs and become increasingly vulnerable to the presence of other 

irrelevant cues (Froc et al., 2003; Laurienti et al., 2005; Hugenschmidt et al., 

2009; Lister and Barnes, 2009). To my knowledge, the effects of old age on the 

optimal integration of spatial cues are currently unknown. Given that there is 

decline to both the sensory systems involved in spatial navigation and the 

underlying neural networks that code for spatial information, it is likely that 

ageing had a profound effect on our ability to integrate spatial cues in a manner 

consistent with Bayesian optimal integration.  

1.3.4 Summary of Bayesian integration and ageing. There are multiple 

examples of Bayesian integration in both spatial and non-spatial tasks in humans 

and mammals. However, there is a distinct lack of empirical evidence for the 

effects of old age on such integration. We know that younger adults can combine 

self-motion and visual landmark information optimally to reduce uncertainty 

and error during small-scale navigation tasks (Nardini et al., 2008; Chen and 

McNamara, 2014). As ageing impairs the components of PI (see Sections 1.2.2 – 

1.2.6), the optimal integration of self-motion and visual landmarks is likely to 

become even more important for successful navigation. Therefore, Chapters 5 

establishes whether older adults integrate visual landmark and self-motion 

information as effectively as they should, predicted by a Bayesian model of 

integration. Chapter 6 extends this work and investigates whether older adults 

are able to integrate self-motion and visual landmark information flexibly, 

changing the relative weighting assigned to each information source when the 

reliability of the visual landmarks is altered.  
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1.4 Age-related changes to cognitive and neural systems 

1.4.1 Balance. In old age, deficits with sensory processing, with the ability to 

issue motor commands, and a loss of musculoskeletal function contribute to 

complications with postural control and an increased rate of falls (Konrad et al., 

1999). Audio-visual findings suggest that these balance deficits can impair 

integration behaviour, even in healthy older adults (Setti et al., 2011). Balance 

deficits may impair navigational abilities by diverting attention away from 

processing spatial cues to help maintain posture (Lövden et al., 2005), and 

providing healthy older adults with a balance aid during locomotion has been 

found to improve navigational performance, especially during cognitively 

demanding tasks (Schellenbach et al., 2010). Therefore, in Chapter 5, Study 2, I 

included a measure of balance and provided participants with a balance aid for 

50% of trials. If age-related balance deficits in healthy older adults can impair the 

precision of spatial estimates, providing a balance aid should improve 

navigational accuracy.  

1.4.2 Spatial working memory. Working memory refers to the temporary 

storage of information so that it can be manipulated and used in a current 

situation. In spatial navigation, for example, one might need to remember the 

location of a target in relation to visual landmarks for a short period of time. 

Spatial memory is often tested using the Morris Water Maze task (or derivatives 

of this task for studying humans), where the subject locates a hidden target 

(Morris, 1984). Spatial working memory has been shown to diminish as a 

consequence of ageing and may impair performance in spatial navigation tasks 

(Frick et al., 1995; Kikusui et al., 1999). Furthermore, lesions to the 

hippocampal regions, where place cells are located, result in severely impaired 

performance on spatial memory tasks (Coppola, 2014; Gonzalez-Ramirez, 

2014). The spatial tasks presented in this thesis all include an element of spatial 

working memory, and so the spatial abilities of younger and older adults were 

assessed with the Corsi-blocks tapping test for spatial working memory.  
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1.4.3 Neural representations and ageing. In rodents, spatial position is 

represented by a combination of head direction cells, grid cells in medial 

entorhinal cortex (EC) and place cells in the hippocampus, which provide a 

continuous code for the animal’s location throughout movement. Grid cells 

provide a neural ‘floor’ of evenly spaced place fields, which are arranged in a 

distinct hexagonal grid-like pattern. With both angular and linear properties 

(Hafting et al., 2005), it is believed that grid cells are key for the animal’s ability 

to track distance across movement. Grid cells receive information from self-

motion inputs and fire independently of location (Burgess, 2008; Wolbers and 

Hegarty, 2010). However, the scale of their firing fields increase from ventral to 

dorsal throughout the EC, providing areas of activity comparable to the firing 

fields of place cells (Jeffery, 2007). In this way, it is possible that grid cells drive 

the activity of other neurons, such as place cells (Hafting et al., 2005). Place cells, 

found in the hippocampus, have active place fields which selectively fire when 

the animal is in a specific region in the environment, thereby providing a neural 

code for position. Place fields are multisensory; they receive input from 

internally generated self-motion cues (Save et al., 2000) and can be controlled by 

visual landmarks (O’Keefe and Conway, 1978). Furthermore, a recent study by 

Chen et al. (2013) found hippocampal place cell recordings in rats suggested that 

stable place fields were achieved with a combination of visual (25%) and 

movement-based (75%) place cell firing. Hippocampal place fields are supported 

by head direction cells for orientation which are found across the hippocampal 

formation in various locations including the postsubiculum, retrosplenial cortex 

and thalamus (Taube et al., 1990a; Taube, 1995; Epstein, 2008; Yoder et al., 

2011). Head direction cells encode direction information, with particular cells 

representing a particular orientation. The firing rate of different cells peak in 

response to different directions, and collectively they represent 360° of 

orientation. These cells are multisensory, receiving information from idiothetic 

cues (Dudchenko and Zinyuk, 2005) and also visual information (Taube, 2007; 

Yodel et al., 2011), particularly distal landmarks (Zugaro et al., 2001). Place cells 

have been found in humans (Ekstrom et al., 2003; Jacobs et al., 2010; Yoder et 

al., 2011; Killian et al., 2012). There are currently no cell recordings of head 
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direction cells in humans, but there is strong evidence to suggest that they do 

(Baumann and Mattingley, 2010). Whilst the role of these neural systems in 

spatial orientation and location is widely accepted, the neural pathway from 

perception to processing by place cells during linear self-motion is currently not 

as well known (Jeffery, 2007). For angular processing, vestibular information is 

known to involve a pathway from the vestibular nuclei through to the entorhinal 

cortex (and grid cell firing fields; Taube, 2007). It has been suggested that there 

are similar vestibular pathways involving structures in the brainstem for linear 

motion (Jeffery, 2007); however, this is currently untested.   

As described above, PI abilities decline with ageing. This is likely, in part, to be 

due to age-related decline to the underlying neural systems, such as the 

hippocampus (Driscoll et al., 2003; Lister and Barnes, 2009) and the entorhinal 

cortex (Du et al., 2003; Du et al., 2006). Hippocampal place cells, especially 

CA3 place cells (Wilson et al., 2005), are known to become less stable and 

functional, becoming less reliable and noisier as the underlying neurons age 

(Barnes et al., 1997; Rosenzweig et al., 2003; Wilson et al., 2003; Burke and 

Barnes, 2006). Furthermore there is a marked decline in hippocampal volume in 

older rodents (Driscoll et al., 2003; Nedelska et al., 2012) and a reduction in 

hippocampal activity in humans (Moffat et al., 2006; Antonova et al., 2009). 

Age-related decline in the dopamine system – such as a loss of D2 receptors and 

dopamine transporters – are associated with increasing noise in neural firing (Li 

et al., 2001) and less  accurate  neural representations, which manifest as less  

precise cognitive and sensorimotor performance (Li et al., 2004). As these 

systems code for many aspects of spatial navigation, it is possible that noise and 

decline in the underlying signal drives many age-related deficits. 

Studies of impaired cognitive mapping abilities have suggested that age 

degenerates the medial temporal lobe (Raz  et al., 2004; Sullivan et al., 2005;  

Moffat et al., 2006; Moffat, 2009), specifically the entorhinal cortex and the 

hippocampus (Lister and Barnes, 2009; Stranahan and Mattson, 2010). As these 

structures may be sensitive to increased neural noise (Barnes et al., 1997; Lister 

and Barnes, 2009), the consequences of ageing may compromise our ability to 
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compute positional information from sensory inputs. Further, age-related 

weakening and atrophy of the retrosplenial cortex (containing head direction 

cells) has damaging effects on spatial skill and learning (Moffat et al., 2006; van 

Groen et al., 2004).  Together, there is profound decline to the neural structures 

and systems that underpin spatial representations. Although the work presented 

in this thesis is behavioural, it is important to consider that these age-related 

neural changes are likely to be a fundamental reason for any age-related decline 

in spatial abilities.  

 

1.5 Thesis overview 

Behavioural studies of unsighted navigation are first reported in Chapter 3. Study 

3.1 assessed the use of kinaesthetic (vestibular and proprioceptive) cues in 

younger and older adults, using a linear distance estimation task that relied on 

unsighted self-motion. The study aimed to establish the extent of age-related 

decline to PI accuracy. Study 3.2 expanded Study 3.1 by individually assessing 

the contributions of vestibular and proprioceptive information to PI. I expected 

to find that older adults were impaired at using vestibular information, but not 

kinaesthetic information. Chapter 4 reports Study 4.1, which utilised a virtual 

reality to demonstrate PI abilities of younger and older adults in a situation 

mimicking real life. For Study 4.1, participants were able to use kinaesthetic and 

optic flow information to estimate distances, and I expected to find no difference 

in performance between age groups.  

The two behavioural studies presented in Chapter 5 investigated the mechanisms 

of multisensory information. Study 5.1 established a homing task paradigm 

which allowed me to explore the association between ageing and the optimal 

integration of self-motion and visual landmarks, consistent with a model of 

Bayesian integration. It was expected that older adults would demonstrate a 

diminished accuracy in their performance, most likely as a result of increased 

noise in their representations of space. Study 5.2 extended and developed Study 

5.1, incorporating an assessment of the relationship between age-related deficits 
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in integration and balance. Healthy younger and older adults took part in Study 

5.2. It was expected that older adults would show a diminished performance and 

suboptimal integration, but that these effects would be minimised when balance 

was improved in older adults with support from a balance aid.   

The final two studies of Bayesian integration are presented in Chapter 6, using a 

homing task specifically designed to test reliability driven integration. Study 6.1 

explored the flexibility of cue integration when the reliability of landmark 

information fluctuated. I expected to find that younger adults were able to 

optimally decrease the influence visual landmarks had on behaviour when the 

reliability of the landmarks decreased, but that older adults would not be optimal 

in their alterations. I planned to support findings in Study 6.1 with follow-up 

data in Study 6.2. In the end, I decided to stop testing after collection and 

analysis of younger adults’ data, which are presented in this chapter as Study 6.2. 

Considering all of my work together helped me to draw my conclusions, which 

are outlined and discussed in Chapter 7.  
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2.1 Overview. The studies presented in this thesis considered spatial ability as a 

function of age by comparing the difference in performance of two participant 

groups; younger adults and older adults. For the experiments in my thesis, I used 

variations of two paradigms which were tested in three environments. Many of 

the pencil and paper cognitive tests were consistent throughout. The following 

chapter outlines the details of these paradigms and environments. In subsequent 

chapters I will refer to the appropriate paradigm and environment and outline 

any changes/variations that were made specific to that chapter.  

2.2 Ethical approval. All of the studies presented were separately granted ethical 

approval from the relevant ethics committee. For all studies conducted in the 

UK, ethical approval was granted by the Psychology Research Ethics Committee 

in Edinburgh. Ethics for the study conducted at the DZNE, Magdeburg, 

Germany (Chapter 4) was approved by the University Medical Centre in 

Magdeburg.  

 

2.3 Participants  

2.3.1 Sample sizes. For all experiments, approximately 25 participants in each 

age group were recruited, totalling approximately 50 participants in each study. 

These are standard sample sizes for literature in the field. There were small 
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variations in participant numbers between experiments. Exact participant 

numbers for each experiment are presented in tables in the relevant chapters.  

2.3.2 Age and gender. Participants were aged 18 – 30 years old in the younger 

group and 60 – 82 years old in the older group. These cut-off ages were selected 

for the following reasons: Younger adults are considered to be adults in UK at 

the age of 18. The upper bound was set at 30 as it has been suggested that 

cognitive ageing begins as early as late 20s/early 30s (Salthouse, 2009). For older 

adults, 60 years old is a typical lower bound for ageing studies and 82 was the 

upper bound as it was the age of my oldest participant. Each age group was 

approximately equal in gender for all experiments.  

2.3.3 Geographics. For experiments conducted in the UK, all younger 

participants were recruited from the University of Edinburgh community, often 

using the Edinburgh Careers Service, SAGE. Older participants were recruited 

via a participant pool and advertising around Edinburgh. For the study 

conducted in Germany, younger participants were recruited from the Otto-von-

Guericke University community and older participants from the local 

community of Magdeburg. All of the participants spoke English or German 

(applicably) fluently and had good understanding of spoken and written word.   

2.3.4 Financial compensation. Participants were reimbursed for their time at a 

rate of £10 per study for studies conducted in the UK and 20€ for the study 

conducted in Germany. As each experiment lasted no longer than 1 ½ hours in 

total – and the average participant completed the studies within 1 hour and 15 

minutes –  this complied with the national minimum wage in both countries.  

 

2.4 Neuropsychological assessment  

2.4.1 Montreal cognitive assessment (MoCA). Participants were screened for 

mild cognitive impairment (MCI) using the MoCA (Nasreddine et al., 2005), a 

30-point test which took approximately 10 minutes to administer. The test 

assesses language, orientation, short-term memory, visuospatial abilities, 
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concentration, working memory, executive function and attention. Following 

the test authors’ guidelines, the ‘pass mark’ was 26 or more out of a possible 30. 

As some of the participants took part in more than one experiment, all three of 

the test versions available in English were used and no participant took the same 

version of the test more than once. For the study in Germany, an available 

version in German was used where the test is identical in structure and scoring. 

An example of the MoCA test in English is included in Appendix 2.1. 

2.4.2 Medical Health Questionnaire (MHQ). The questionnaire was developed 

by the members of the Wolbers’ lab at the University of Edinburgh and 

administered to all participants. For the study conducted in Germany it was 

translated into German by a native (German) speaker. All participants reported a 

history of the following: any heart, respiratory or lung conditions; strokes; 

epilepsy or unconsciousness; depression; impaired mobility and/or periods of 

time in hospital. Further, participants reported any visual problems, use of 

corrective lenses or glasses and provided details of their last eye test. There was 

an opportunity for participants to add any other information they felt relevant. 

Lastly, participants’ vision (corrected if needed) was assessed with a standard 

Snellen chart. No participants reported any health conditions that were of 

concern, and the eyesight tests were all satisfactorily recent. All participants had 

or exceeded 20:40 vision and so were considered to have normal or corrected-to-

normal vision. A copy of the MHQ (in English) is included in Appendix 2.2. 

2.4.3 Beck’s depression inventory. As some mood disorders such as depression 

can affect spatial abilities (Cornwell et al., 2010), the early experiments in this 

thesis included this paper assessment. The version used was the BDI-II (Beck et 

al., 1996). The inventory consists of 21 multiple-choice, self-report questions, 

which include sleep, appetite, interest in sex, concentration and 

feelings/thoughts of self-harm and/or suicide. Each answer is marked on a scale 

from 0 to 3 and the scores are added together. The inventory defines the 

following cut-offs: 0–13: no/minimal depression; 14–19: mild depression; 20–28: 

moderate depression; and 29–63: severe depression. Any participants that fell 
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into the categories of moderate or severe depression were excluded from further 

testing. 

2.4.4 National Adult Reading Test (NART). Developed by Nelson (1982), the 

NART measures crystallised intelligence by assessing verbal fluency. 

Participants were required to read aloud each word in a list of 50 progressively 

harder (rarer/less predictably pronounced/more lexically challenging) words 

and their score was taken as the number of words correctly pronounced.  All 

participants tested in UK completed the NART, expect for participants taking 

part in Study 5.1.  

2.4.5 Mehrfachwahl Wortschatz Intelligenz test (MWT-B). Developed by 

Lehrl (2005), the MWT-B measures crystallised intelligence and was used as an 

equivalent test to the NART but, importantly, is written and administered in 

German. Participants were required to identify fictitious/real words from lines of 

mixed fictitious and real German words. The 37 items are arranged in order of 

increasing difficulty, with less common words and subtle spelling changes to real 

words (to create fictitious ones) being presented. The test takes around five 

minutes to administer and all participants who were tested in Magdeburg, 

Germany, completed the test.   

2.4.6 Corsi-blocks tapping task. A desktop computer version of the task tested 

spatial working memory (Figure 2.1). All participants completed the task by 

reproducing spatial sequences of increasing length, until the sequence was 

incorrectly repeated twice consecutively. The last correctly replicated sequence 

length was taken as the participant’s best score and recorded as their spatial span. 

The average score for healthy adults is around five (5). T-tests were performed to 

analyse any difference in spatial working memory as a consequence of age.  
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2.4.7 Snellen eyesight test. Participants were required to take an eyesight test, 

using a standardised Snellen chart. Snellen defined standard vision as the ability 

to recognise and optotype (i.e. one unit/letter on a Snellen chart) when it 

subtended 5 minutes of arc. An individual is deemed to have ‘normal’ acuity 

when they can read the third from bottom line of a standard Snellen chart from a 

distance of 20ft/6m. For my spatial tasks, half the ‘normal’ acuity was deemed 

sufficient to complete the task with no hindrance from substandard vision, and 

so all participants were required to be able to read letters from three lines above 

the 20/20 line (i.e. sixth line from bottom) at a distance of 20ft/6m, 

demonstrating they had 20/40 vision. 

 

 

 

 

 

Figure 2.1  
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Paradigms 

2.5 Real-world path integration studies presented in Chapter 3  

2.5.1.1 Experimenters. Two experimenters were needed to administer the 

method, as outlined below. Therefore, I had the assistance of a research pupil 

(often an undergraduate dissertation candidate) to run each experiment.  

2.5.1.2 Testing environment. The experiments were carried out in a rarely-used 

30m x 1.97m corridor in the Appleton Tower basement of the University of 

Edinburgh. Two thirty-metre tape measures (Silverline MT46 50 Metre Open 

Reel Surveyor’s Tape) were fixed along each side of the corridor, running from 

opposite ends, for measuring the participants’ responses. The corridor was well 

and evenly lit with minimal landmarks (Figure 2.2). A small storage room half 

way along the corridor was used as a cloakroom and holding space for 

Experimenter 2 when they were required to be out of sight. 

2.5.1.3 Wheelchair. A standard hospital wheelchair (DMA Heavy Duty Transit 

Wheelchair 238-23FB/WHD) was used to passively transport participants in 

Condition A of Experiment 3.2, and during the depth perception task (explained 

in Sections 2.5.2.4 and 2.5.2.5). 

2.5.1.4 Blindfold. A blindfold (Mindfold, Mindfold inc.) was used throughout 

the experiments to prevent participants from seeing trials being set up (possibly 

giving an unfair advantage) and, during passive motion, to remove visual (optic 

flow) cues. It was designed to block all light and comfortably fit with or without 

glasses. 

2.5.1.5 Target. The target was a bright green 1.25m by 25cm plastic tube made 

from an insulation pipe. It was laid across the width of the corridor and it was 

clearly visible from all target distances (see Figure 2.2b). 
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Figure 2.2a. Testing corridor. University of Edinburgh Appleton Tower, George Square.  

Figure 2.2b Testing corridor with target set at 23m away from the start line 

  

Figure 2.3. a) Diagram of the Move-to-target (MTT) task to measure distance estimation 

abilities reliant on kinaesthetic information. b) distance reproduction task diagram, to measure 

distance estimation abilities reliant on vestibular input. 

a) b) 
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2.5.2 Design and procedures 

2.5.2.1 Target distances. Six target distances (8, 12, 14, 17, 20 and 23m) were 

used. The distances were selected as age differences in path integration abilities 

become apparent at distances over 5m (Philbeck et al., 2004; Lappe et al., 2009; 

Harris and Wolbers, 2012).  

2.5.2.2 Speeds. Two paces were used; a ‘slow’ one pace per second (1 p/s) and a 

‘fast’ two paces per second (2 p/s). These paces were chosen as slightly slower 

and faster than average walking paces for older adults (). The paces were set and 

maintained by the Experimenter guiding the participant. The participant was 

informed of the travel speed immediately before setting off, after the Target had 

been viewed.  

2.5.2.3 Procedure A. Participants began each trial blindfolded, from one end of 

the testing corridor (at one of the start points noted in Figure 2.3 a). Once the 

Target had been positioned at one of six possible distances (Section 2.5.2.1), 

participants removed the blindfold and viewed the Target for 10 seconds. The 

participant replaced the blindfold and walked, unsighted, to where the Target 

had been – stopping and placing their feet together when they believed they had 

reached the correct distance. The Target had been removed by Experimenter 1 to 

prevent the participant walking into it should they overshoot the Target in their 

estimation. Experimenter 2 guided the participant during walking to ensure they 

traversed a straight path and walked at either the ‘slow’ or ‘fast’ pace (see above 

for details). Experimenter 2 was careful to not give any distance cues to the 

participant. Once the participant had come to a standstill, the distance they had 

travelled was measured from the front of their feet by Experimenter 1. The 

participant was then asked to walked at their own pace to one end of the testing 

corridor (whichever was closer) to begin the next trial.  

2.5.2.4 Procedure B. Participants began each trial at the start position (Figure 

2.3b) blindfolded and comfortably seated in a wheelchair. Participants were 

passively transported along the testing corridor to one of six set distances 

(Section 2.5.2.1) at one of the two set speeds, ‘fast’ or ‘slow’ (Section 2.5.2.2). 
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On reaching the set distance, participants stood up and turned round. They were 

then guided - at their natural walking speed - in a straight line back to the starting 

point. When they believed they had correctly reproduced the distance, they 

stopped with their feet together and Experimenter 2 recorded their position using 

the tape measure. Their travelled distance was subtracted post-experimentally 

from the distance that the participant had been wheeled to obtain the error 

distance. The participant was then wheeled to the start point furthest away, to 

prevent any unintentional feedback on their accuracy.  

2.5.2.5 Procedure C. The participant began the trial at one of the start points 

and viewed the Target at a set distance (8, 14, 17 or 23m) for ten seconds, before 

donning the blindfold. The participant was wheeled to the other start position (at 

the opposite end of the corridor) and the Target was presented again at a 

distance either 25 or 50% closer to the participant than the original set distance. 

From their position at the start point, the participant instructed the Target to be 

moved backwards (by Experimenter 2) until they judged it to be at the same 

distance away from them as the Target had been when it was originally 

presented. Once the participant was satisfied, the distance of the Target from the 

participant was recorded and the error was post-experimentally calculated. 

2.5.2.6 Trials and testing orders. For each procedure type, participants began 

with three practice trials, one at each distance of 5, 10 and 15m. All participants 

were offered further practice trials. A total of 60 trials were divided into four 

blocks of fifteen trials, with each block consisting of 1 repetition of each distance 

of procedures A, B and C. The order of the trials within each block was 

randomised for each participant and the order of the blocks was pseudo 

randomised, with the rule that no two blocks of the same type appeared 

consecutively. No performance feedback was given in either practice or 

experimental trials, preventing participants from using this knowledge in 

subsequent trials. 
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2.6 Path integration in virtual reality, presented in Chapter 4 

2.6.1 Experimental Set-up. Testing took place at the German Centre for 

Neurodegenerative Diseases (DZNE) in Magdeburg, Germany. The testing 

environment (Figure 2.4) was a darkened room in which a treadmill 

(h/p/cosmos mercury; running surface 150 x 50cm) was positioned directly in 

front of a projector screen (2.40m wide, 1.8m high), at a distance of 1.5m from 

the screen. The participant stood in the middle of the treadmill, at a distance of 

2m from the projector screen. A response button was fixed to the right-hand rail 

of the treadmill, in comfortable reaching distance of the participant. The task 

was created using Vizard VR software (WorldViz©) and was presented on the 

projector screen using a Sanyo XGA Projector (Model: PDG-DXL100). The 

visual information presented simulated a ‘corridor’, consisting of an outdoor 

environment (created using a skybox) with a tarmac-textured floor and hedge-

textured walls, both of which had been edited to create seamless tiling (using 

Photoshop CS5.1; Figure 2.4). The visual environment therefore provided optic 

flow information but no fixed reference points and was presented in an anaglyph 

three-dimensional format to enhance the on-screen representation of depth. 

2.6.2 Glasses. All participants wore a pair of anaglyph filter glasses (plastic 

framed resin lenses, opposing colours of red and cyan) or, in the case of those 

who wore corrective glasses, clip on anaglyphic lenses (resin lenses, red and 

cyan; fixed over the top of their glasses) throughout the experiment. 

2.6.3 Procedure. From standing at the centre of the treadmill, participants 

pressed the response button to start the trial and were instructed to memorise the 

distance they were about to walk (Figure 2.4b). On pressing the button to start 

the trial, simultaneous simulated and actual (i.e. the treadmill) forward 

movement began, at a predetermined speed (0.83m/s) for a predetermined 

distance (6.15, 8, 10.4, 13.52, 17.58, 22.85 or 29.71m). When the predetermined 

distance was reached, all forward movement ceased and the participant was 

asked to reproduce the distance they had just travelled by pressing the response 

button to restart the simulated and treadmill movement. For this response phase, 
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actual movement occurred at one of three possible predetermined speeds 

(0.58m/s, 0.78m/s or 0.97m/s). When the participant felt they had reproduced 

the distance correctly, they pressed the response button, all motion ceased, and 

they proceeded to the next trial.  

 

2.6.4 Testing orders. Participants completed 42 trials. The experiment was 

presented in six blocks, with one repetition of each distance per block. The order 

of the trials in each block was pseudo-random, as distances always appeared in a 

different order for each block. There were three possible response speeds, with 

each speed being presented twice for each distance throughout the experiment. 

This was also pseudo-random as a particular speed/distance combination could 

only appear once during one block. 

 

 

 

 

 

2.6.5 Calculating error distances. For each trial the response distance the 

participant walked was recorded and noted as ‘observed distance’. To assess 

error across distances, the signed percentage error was calculated using the 

outbound, ‘expected’ and the observed distances, by the Equation: 

Figure 2.4. a) Photograph of the testing environment. The response button is seen on the 

right treadmill rail. b) Participants were given on-screen instructions to remember the 

distance they were about to travel.  

a) b) 
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Figure 2.5. Layout of the dark room 

environment with representations of the 

landmarks in the correct positions. Side bar 

details the size, shapes and colours of the 

landmarks. 

Figure 2.6. Picture of the 

landmarks. LED light arrays 

formed a purple moon, a green 

lightning bolt and a blue heart. 

(
observed

expected
) − 1 

 

2.7 Bayesian multisensory integration of landmark and self-

motion information, presented in Chapters 5 and 6 

The paradigm presented in the following section and used in Chapters 5 and 6 

was adapted from Nardini et al. (2008). Permission was given from Marko 

Nardini and guidance on the method given by Marko Nardini and Pete Jones 

(second author).  

2.7.1.1 Testing rooms. The main testing area was a blacked-out room 615cm x 

720cm, where all windows, doors and other light sources were eliminated so that 

the walls, floor, ceiling, windows and all other features of the room were 

imperceptible. The administration office, located off one end of the main room, 

Equation 2.1 

Figure 2.8.  Left. LED balls used as 

target markers type A Right. LED 

discs and experimenter’s light, used 

as target markers type B. 
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was used for neuropsychological assessment and admin (such as receiving 

informed consent and giving instructions). The layout of the rooms is depicted in 

Figure 2.5.  

2.7.1.2 Walking frame. Participants used a standard, height adjustable walking 

frame as a balance aid for 50% of the trials. Training was given prior to entering 

the testing environment by completing a walk with the balance aid of 10m in a 

straight line, stopping, turning and retracing their steps. No participants took the 

offered opportunity for further practice. 

2.7.1.3 Landmarks. Illuminated LED light arrays (30cm x 30cm) mounted onto 

black card provided the landmarks, in the shapes and colours of a purple ‘moon’, 

a green ‘lightning bolt’ and a blue ‘heart’ (Figure 2.6). Relative to the central 

position of Target 3 (see Figure 2.7a), the ‘thunderbolt’ was 7.5° to the right of 

the centre at a distance of 379cm and height of 170cm and the ‘moon’ and  

‘heart’ were 50° to the left and right  respectively,  297cm  away and a height of 

70cm. Although only three landmarks (one of each shape) were illuminated at 

any one time, each landmark had a duplicate which was placed as a rotation of 

15° about the central location. By turning off the first set of landmarks and 

illuminating the second, the landmarks could be made to appear to ‘rotate’ by 

15°. The position and angle of the duplicate landmarks were such that only 

rotation, and no translation, occurred. During conflict trials (described in section 

2.7.3), the initial landmarks were extinguished and their duplicates illuminated 

to provide a ‘rotation’ of landmarks (Figure 2.7c).  

 

2.7.2 Targets 

2.7.2.1 Position arrangement A. For each trial Target 3 was always positioned 

300m directly in front of the start line and acted as the centre of the room, from 

which other Target and landmark positions and all angles were measured. There 

were six possible locations for Targets 1 and 2; at 15, 33 or 55° to the right and 

left of Target 3, at a distance of 174.5cm for Target 1 and 131cm for Target 2.  
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2.7.2.2 Position arrangement B. The following arrangements are pictured in 

(Figure 2.7a).  For each trial Target 3 was always positioned 300cm directly in 

front of the starting line and acted as the centre of the room, from which other 

Target and landmark positions and all angles were measured. Targets 1 and 2 

were placed at one of four possible locations each: 15 or 45° to the right or left of 

Target 3, at a distance of 175.4cm for Target 1 and 131cm for Target 2.  

2.7.2.3 Target markers, type A. Each Target was illuminated by an LED lit 

rubber ball (green, red and blue for Targets 1, 2 and 3 respectively; Figure 2.8a). 

2.7.2.4 Target markers, type B. Target locations 1 and 2 were marked by two 

rubber disks, lit with an LED light located in the centre of each disk (Figure 

2.8b) and either green or red in colour. The position of Target 3 was illuminated 

by a blue LED light in the shape of a star (15cm point-to-point), worn around the 

experimenter’s neck, who stood directly behind Target 3 during a trial. The start 

line was illuminated at the beginning of each trial by the same blue LED light, 

worn around the experimenter’s neck. The Experimenter therefore began each 

Figure 2.7 a) Free standing LED light arrays formed a purple “moon”, a green “lighting bolt” 

and a blue “heart”. From the start, subjects walked to place both feet on top of Target 1, then 

Target 2 before stopping in front of Target 3. b) Possible locations of targets 1 (green) and 2 

(red), along with the second set of landmarks used for conflict trials. c) In conflict trials, 

landmark positions were rotated by 15°, by turning set 1 off and set 2 on. d) A picture of the 

room as viewed from Target 3. 
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trial standing at the start line, and then moved to the location of Target 3 behind 

the participant, on their initial outward trajectory to Target 1. 

2.7.2.5 Glasses. Participants wore dark glasses throughout the main task to 

prevent them from seeing the room’s features with any reflections light from the 

lit landmarks and targets. 

 

2.7.3 Design and procedures 

2.7.3.1 Procedure A. For the outbound phase participants began each trial from 

the start location, facing the landmarks. They carried a small bag which was 

used to collect the Target markers. Participants visited Targets 1, 2 and 3 

sequentially, collecting the Target marker (LED balls) at each location (Figure 

2.7a). Once at Target 3 participants faced away from the landmarks for 

verbalised countdown of 10 seconds. During this time the landmarks were 

extinguished. For the following response phase participants were asked to use 

information gained on the outbound phase to compute the location of Target 1 

and indicate their response by placing the small carrying bag directly on top of 

Target 1. During self-motion (SM), multiple-cues (MC) and conflict trials, the 

participant remained standing at Target 3 for the countdown. During the 

verbalised countdown for landmark (LM) trials participants were disorientated 

by being turned quickly in a rotating chair, which was located at Target 3. After 

rotation participants were facing a random direction and asked to point to the 

‘thunderbolt’. If their answer was correct within 7.5° either side of the landmark 

they were rotated for a further five seconds to ensure they were fully 

disorientated.  Participants were then re-orientated to face the ‘thunderbolt’ 

landmark (as piloting highlighted participants’ tendency to accidentally walk into 

the walls if not re-orientated).  

2.7.3.2 Procedure B. The basic procedure and movements of the participant are 

identical to Procedure A, with the following important changes: 
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Participants visited Targets 1 and 2 (marked by green and red LED discs 

respectively) sequentially, momentarily standing on each one, and then moved 

to stand directly in front of Target 3, facing the start (importantly facing away 

from the landmarks). The position of Target 3 was illuminated by the 

experimenter, who was standing directly behind it (facing the participant and the 

landmarks), wearing a blue LED around their neck. After the verbalised ten 

second countdown (and rotation for LM trials), participants were asked to return 

to the location of Target 1 (which had been removed along with Target 2 during 

the 10 seconds) and stand directly over where they judged its previous position to 

be, with their feet together and facing the same direction. They were instructed 

that the point that would be measured as their answer was between the arches of 

their feet.  

2.7.3.3 Trials and testing orders. The experiment consisted of four blocks of 

trials, one for each condition: LM, SM, MC or conflict. The order of the blocks 

was randomised for each participant within an age group but the same between 

age groups (i.e. the same block order was used for the participant in the younger 

age group and the participant in the older age group). For SM, LM and MC 

blocks, a practice trial preceded test trials. Each Target appeared at one of the 

possible positions at least once in each block. Target locations were pseudo 

randomly allocated; with Target 1 being random and Target 2 being random but 

always on the opposite of the centre to Target 1. For 50% of participants, conflict 

trials were rotated counter-clockwise. For the conflict trials, a rotation of 15° was 

chosen from the methods of Nardini et al. (2008) for being undetected by 

participants. No participants reported awareness of the landmark rotation. 

2.7.3.4 Trial numbers A. Trials were blocked by trial type of landmark reliant 

LM, SM, MC and conflict trials. Each block consisted of six trials, and each 

target appeared at one of the six possible positions once in each block. There 

were six repetitions of each trial type. Therefore, each participant completed a 

total of 24 trials.  

2.7.3.5 Trial numbers B. Trials were blocked by trial type of landmark reliant 

(LM), self-motion reliant (SM), multiple-cues (MC) and conflict trials. Each 
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block consisted of ten trials and each target appeared at one of 4 possible 

positions at least once in each block. The repetition of a position in each block 

was distributed across blocks so that they were used equally across the 

experiment. There were a total of 40 trials.  

 

2.7.4 Data analysis 

2.7.4.1 Software. All of the graphs, models of my data analysis and correlations 

were performed using MATLAB (©1994-2014. The Mathworks Inc., Natick, 

USA) versions 2010a and 2011b, with the MATLAB inbuilt statistics toolbox 

and the NaN suite toolbox, downloaded from the Matlab Central File Exchange 

(Gläscher, 2008). All other MATLAB functions and scripts used in analysis were 

written by me, with guidance from colleagues. Inferential statistics (T-tests, 

ANOVAs etc.) were performed using SPSS (®IBM SPSS Statistics 20).  

2.7.4.2 Outlier removal. For each study, the data were checked for participants 

whose performance was very different from the average performance of their 

group, and for participants who failed to correctly complete the task. Because 

‘typical performance’ differed for each group, I used a measure of performance 

as appropriate for that study, for example, average error in response. Outliers 

were then identified using one of two methods: 

2.7.4.3 Outlier removal method A. Outliers were identified as values that were 

greater than 3 times the standard deviation from the mean. Data points were 

logged (base 10) and values more than 3 times above or below the mean were 

excluded. The value of 3 times the standard deviation is an often used measure 

and was further chosen by and plotting the data onto a histogram to identify 

values outside the normal range. This method of outlier removal was used for 

experiments where there was not a large standard deviation of responses within a 

group, and therefore the mean could be relied upon to be representative of the 

group scores, even with outliers included.  
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 2.7.4.4 Outlier removal method B. Outliers were identified as any value above 

or below the third quartile plus three times the interquartile range. The cut off 

value of 3 times was taken from the contemporary study of Nardini et al., (2008). 

This second method of outlier removal was used for experiments where there 

was potential for an occasional large error to be made when computing a 

response. For example, in Chapters 5 and 6, participants’ average error for 

younger participants was around 40cm, but a presumed lack of concentration 

could lead the participant to walk to a target on the opposite side of the room, 

resulting in an error of (hypothetically) 200cm. Occasional errors of this 

magnitude – in this example case 500% of the average error – could skew the 

data, making it unsuitable for a parametric method of outlier removal. As I 

predicted this effect may occur with older people (who tend to be less consistent 

in navigational tasks; Harris and Wolbers, 2012), this second method relied on 

the nonparametric median to calculate outliers.).  

It should be noted that both methods of outlier removal were tested on datasets 

in Chapters 3 and 5, and there was no difference in the outcomes of further 

analysis. For all experiments, outlier removal was performed separately for 

younger and older groups of participants and, in those cases outlined in the 

appropriate chapters, separately for each condition. Details of any participants 

and outlier trials that were removed are included as appropriate in each chapter.  

2.7.4.5 Measurements. For each trial the distance the participant walked (noted 

as distance walked) was recorded and the error - the distance between the 

participant’s estimation of Target 1’s location (i.e. where the subject returned to 

after the 10 seconds) and the correct location of Target 1 – was calculated. The 

error angle was also determined for each trial and taken as the angle between the 

estimated location of Target 1 and the actual location; with the location of 

Target 3 as the apex.  

As the conflict condition provided a rotation of 15° 174.5cm away from the 

location of Target 3, the two possible locations of Target 1 (i.e. reliance on self-

motion alone or landmarks alone) were 45 cm apart. This was used to calculate 

the relative weightings of landmarks and self-motion in the conflict trials. 
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2.7.4.6 Group characteristics. Data were summarised and represented using 

descriptive parametric statistics. The group characteristics (age, gender, paper 

test results) for each data set are presented by a mean, standard deviation and a t-

test p-value of between group differences where appropriate/significant, in 

tabular form in the relevant results section.  

2.7.4.7 Figures and error bars. To represent group data, the group mean was 

used in nearly all cases throughout my thesis. Error bars represent standard error 

of the mean (SEM) and were calculated using a bootstrapping method, where 

confidence intervals were calculated, estimating the variance from of the sample 

distribution.  

2.7.4.8 Bootstrapping. In statistics, the mean is often used to summarise a 

sample of data taken from the population. For example, we want to know the 

average error people make when walking 20 meters. Most commonly a random 

sample of the population is taken, their distance estimation error is measured 

and the mean calculated. The random sample will have a distribution of errors. 

If it can be assumed that the random sample is representative of the overall 

population (and it should be because a random, non-biased sample of the overall 

population was taken), then it can be assumed that the Random-Sample 

Distribution is identical to a Population Distribution (i.e., former is a good 

model of the latter) and that the mean of the Random-Sample Distribution is the 

same as the mean of the Population Distribution. In short, it is assumed that the 

Random Sample Mean of distance-estimation error is representative of the mean 

estimation-error the population would make.  

How accurately does the Random Sample Mean represent the mean estimation 

abilities of the population? It is impractical to answer this question by running 

multiple experiments and each time taking random samples from the Population 

Distribution, computing their mean error and observing how the computed 

mean varies. Instead, as it was already assumed that the Random-Sample 

Distribution equals the Population Distribution, the Random-Sample mean can 

be used in substitution of the Population Distribution. Therefore, a number 

(10,000 throughout this thesis) of complete ‘experiments’ are run, each time 
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drawing (with replacement) a number3 of random values from our Random-

Sample Distribution, and computing the mean. This produces multiple (10,000) 

estimates of the error parameter, which will themselves have a distribution - a 

‘Bootstrap Distribution’. The Bootstrap Distributions are therefore confidence 

intervals and the shape of the Bootstrap Distribution expresses how the mean 

varies across observations. For example, if the Bootstrap Distribution is normally 

distributed, then the standard deviation will be the standard error of the 

measured parameter – error in this particular example. Thus, 1.96 times the 

standard deviation is the 95% Confidence Interval (i.e., 95% of the estimated 

values of the mean fell within that region). 

2.7.4.9 Inferential statistics. The majority of my data analysis assessed 

performance as a function of age and other factors, such as condition. Therefore, 

two-way mixed model (within and between group) ANOVAs were calculated 

(using the repeated measures ANOVA function in SPSS). For within-group 

comparisons, either planned comparisons or post-hoc t-tests were used, in the 

latter case with a Holm-Bonferroni correction for multiple comparisons.  To 

examine the relationship of different factors, such as error and variation, I used 

Spearman correlations, as appropriate for the size of my datasets.  

2.7.4.10 Tests for sphericity. Sphericity an important assumption of repeated-

measures ANOVA and refers to the assumption that the variances of the 

differences between levels of the independent variable are equal (i.e. levels of the 

repeated measure). If sphericity is not true – i.e. violated – variance calculations 

may be biased, resulting in an inflated F-ratio (i.e. and inflated effect and a 

potential type I error). Sphericity is tested for using Mauchley’s sphericity test 

(Mauchley, 1940), which is calculated as follows: 

Consider Table 2.1, where five participants complete 3 conditions of a 

navigation experiment. Each condition is subtracted for the other conditions, 

and the variance of all possible conditions is calculated. As the variance for C1-C3 

                                                           
3
 The number of samples taken is equal to the number of observations in the random sample 

(usually the number of participants multiplied by number of trials). Therefore, there is a chance 

each observation is drawn exactly once (but since samples are drawn with replacement, some 

samples may be drawn a number of times, and other samples not at all). 
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is considerably different from the other two possibilities, there are two possible 

hypotheses; H1 -there is a significant difference between variance C1-C3 and 

variances C1-C2 and C2-C3 or H0 – there is no significant difference between the 

variance of the conditions, or, represented mathematically (Mauchley, 1940): 

H0 ∶  σ2C1 − C2  =  σ2C1 − C3 =  σ2C2 − C3  

H1 ∶  σ2C1 − C2  ≠  σ2C1 − C3 ≠  σ2C2 − C3 

Therefore, if p > 0.05, sphericity has been violated as there are significant 

differences between the variances of the differences within the levels of the 

repeated measures.  

 When sphericity was violated by data in this thesis, it was corrected for with 

either Greenhouse Geisser (1959) or Huynh-Feldt (1976) corrections (depending 

on the degree of violation), which act to alter the degrees of freedom, to produce 

an F-ratio where the chance of a type I error is lessened. Using an overly 

conservative correction would have risked making a type II error and so I used 

the following guide, put forward by Collier et al., (1967): If Mauchley’s test for 

sphericity produced a p-value >0.05 but < 0.75, Greenhouse Geisser was used, 

and when p=>0.05 and >0.75, Huynh-Feldt corrections were used. 

2.7.4.11 Holm-Bonferroni test for multiple comparisons. When comparisons 

between multiple observed data samples are calculated during post-hoc analysis, 

there is a chance that a ‘false positive’ or type I error will be made. This is 

because t-tests, used for post-hoc analysis, use an arbitrary cut-off of p < 0.05 to 
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assume there is a significant difference between the groups or, in other words, 

there is a 95% confidence that there is a difference, and a 5% chance of a false 

positive result. The more comparisons are made, the greater the chance of 

making a type I error. Therefore, Holm-Bonferroni corrections were calculated 

for multiple post-hoc comparisons, to moderate false positives. The method 

(Holm, 1979) is less conservative than the traditional Bonferroni method, further 

reducing the chances of finding a false negative (type (b) error. The method 

involves ranking p values from the post-hoc comparisons, from smallest to 

largest (for e.g. p < 0.01, p = 0.023, p = 0.04) and dividing the smallest value (x) 

by the number of comparisons (n) – 
x

n
. If the calculation is significant, the next p-

value is divided - 
x

n−1
 , the following p-value by 

x

n−2
 , and so forth, until the final 

value is simply x, with no correction. Throughout my thesis, I have outlined 

where holm-bonferroni corrections were calculated and where planned 

comparisons (which do not require corrections) were used.  

 

2.8 Data models 

2.8.1 Leaky Integration Hypothesis 

The leaky integration model (Lappe et al., 2007) proposes that a state variable, 

such as the current distance from the starting point, is incremented with each 

step by the distance of that step, with a constant factor (k), but that it is also 

slightly reduced in proportion by a leak factor (α). In other words, the state 

variable is constantly updated with each segment of movement (k), but has a 

tendency to decay (α), proportionally to the currently encoded position. 

Mathematically, this can be formalised by the following Equation: 

d𝑥

dp
= k − αp 

Where x is the actual position of the individual, p represents the encoded 

position, k is the constant gain factor and α represents the leak rate. As gain is 

Equation 2.2 
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incremented with each forward movement, k influences the distance with which 

each individual step is integrated. If k = 1, the motion is transformed perfectly 

into the perceived distance travelled. Therefore, if k < 1, the forward step with 

will be underestimated and if k >1, the encoded information will overestimate 

the actual distance gained. 

The integrated perceived distance p for each actual distance (x) is key in 

estimating the distance travelled. If there is a leak (α), p < x, and the encoded 

information will result in the individual underestimating the traversed path 

length. The integrated dp for dx can be solved by the following Equation: 

p(x) =
k

α
(1 − e−αx) 

The model predicts the perceived distance walked depends on the true distance 

from the origin to endpoint and the length of the travelled path. The observed 

values for each expected distance were averaged across repetitions for each 

participant and the mean observed and expected distances were inputted into the 

leak model using Equation 2.3 and the MATLAB function ‘fminsearch’, to fit 

optimal gain and leak factors for younger and older participants separately. T-

tests assessed age effects on the model parameters for gain and leak. 

 

2.8.2 Cue integration models 

2.8.2.1 Overview. These models were taken from Nardini et al. (2008) and were 

used to determine whether participants were integrating visual landmark and 

self-motion cues in a Bayesian manner in the studies described in Chapters 5 and 

6. When cues are integrated in a Bayesian fashion, they are weighted by their 

perceived reliability; with cues that are perceived as more reliable exerting a 

stronger influence on behaviour, to reduce error and variability of responses. The 

model can be considered as two components; the predictions of model 

integration/alternation and the weighted average of LM and SM cues. Crucially, 

only if participants follow a model of Bayesian integration would there be both a 

Equation 2.3 
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reduction of response variance and a weighted averaging of landmark and self-

motion information, which will be closely related to its perceived reliability.  

 

2.8.2.2 Model predictions. The expected variance for conflict trials is estimated 

under two possibilities: 

(a) Bayesian Integration - participants integrated LM and SM information by 

assigning a reliability-derived weighting to each cue. In this case, by 

definition, multimodal navigation will be more precise than it is when 

using even the most reliable single cue 

(b) Alternation – participants relied on LM or SM information. In this case, 

multimodal navigation can only be as precise as it is when using the most 

reliable single cue. Even if participants used both LM and SM 

information during a trial, they only relied on one at a time, and therefore 

there was no integration of information sources.  

The variance of participants’ responses for conflict trials was calculated for each 

participant (by taking the variance of repetitions of conflict trials for each 

participant) and then averaged across each age group, to give a group average 

variance. 

2.8.2.3 Weighted average of cues. By rotating landmarks by 15° before the 

response phase during conflict trials, sole reliance on either self-motion or 

landmarks provides two possible response locations. Therefore, the chosen 

return location of the participant can be used to measure the empirical weighting 

assigned to visual information (i.e. landmark proximity) vs. self-motion 

information, for each trial. This was calculated for each participant and then 

averaged across each age group, to give a mean weighting. 

  

2.8.2.4 Model predictions. For the integration model, the predicted variance is 

given by the following Equation: 

 

σ2
LM+SM = W2

SMσ2
SM + W2

LMσ2
LM Equation 2.4 
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with σ2 being the response variance and W being the weights assigned to 

landmarks and self-motion cues, respectively.  

For the alternation model, the predicted variance for the conflict condition is 

given by: 

 

σ2
LM+SM = pSM (μSM

2 + σSM
2 ) + pLM (μLM

2 + σLM
2 )- (pSMμSM + pLMμLM)2 

 

in which pSM and pLM are probabilities of following either cue and sum to unity. 

Moreover, μSM = 0 and μLM = 46, because landmark rotation in the conflict 

condition shifts landmark-defined locations by 46 cm relative to self-motion-

defined locations. 

Weighted integration of cues. If the information is being integrated, it is 

possible to calculate the influence each information source exerts on behaviour 

(noted here as landmark proximity or rproxLM). Furthermore, a prediction of the 

optimal cue weighting can be calculated from participants’ average variance of 

repetitions in trials where only 1 cue type was available (i.e. performance 

variance for LM or SM only trials) and compared with participants’ observed 

cue weights, to assess whether information was optimally weighted.  

Landmark proximities were calculated as follows: 

rproxLM =
dSM

dSM+dLM
 

where d is the distance of the response location from the locations predicted by 

self-motion cues and landmarks, respectively. These empirical weights were 

compared with the weights predicted by Bayesian Integration. The weighting of 

each cue should depend on the reliability (quantified using the response 

variances) observed in single cue trials, with higher weighting assigned to the cue 

that is more reliable: 

Equation 2.5 



62 
 

WLM =
σSM

2

σSM
2 +σLM

2  

A t-test was performed between the predicted weighting based on single cue trials 

and observed weighting of cues during conflict trials, to assess whether the 

weighting of integrated cues was optimal.  

  

Equation 2.7 
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3.0 Chapter overview 

To begin with I was interested in how ageing affects linear path integration in the 

real world. Path integration refers to the process of keeping track of one’s 

location through continuous integration of optic flow, proprioception and 

vestibular information along an individual’s movement. Many current path 

integration studies isolate a particular sense –  or combination of senses – to 

assess the effects of advancing age on the relative contributions of each cue 

during movement. Such studies have revealed that older adults can update their 

spatial location in a similar manner to younger adults when visual and 

kinaesthetic cues are available over relatively short distances (Allen et al., 2004; 

Adamo et al., 2012). However, when vestibular cues alone are to be relied on, 

older adults show a marked decline in performance (Allen et al., 2004), as they 

do also when estimating distances based on optic flow information (Mahmood et 

al., 2009; Harris and Wolbers, 2012). Therefore, accuracy in updating spatial 

location is dependent on the sensory information available.  
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Currently there is little empirical evidence comparing sensory inputs in 

navigation. One study compared optic flow (through a virtual reality task), with 

vestibular (through passive motion), and kinaesthetic (vestibular + 

proprioceptive) inputs to reveal that older adults showed the greatest deficits 

when relying on optic flow information (Adamo et al., 2012). However, path 

integration was only measured at distances of under 10m and younger adults 

tend to remain reasonably accurate at short distances (Mittelstaedt and 

Mittelstaedt, 2001), but are less so over longer ones (Lappe et al., 2009; Lappe et 

al., 2011). Similarly, older adults tend to be particularly impaired (Mahmood et 

al., 2009) over longer distances, suggesting that path lengths may need to be 

longer to fully investigate the relative contributions of sensory inputs. 

Taken together, much of what we currently know about age-related deficits in 

path integration is derived from findings of optic flow tasks and real-world 

findings that relate only to short distances. It is therefore possible that the type of 

task is skewing the perception of the everyday difficulties older adults have 

navigating – with experimental conditions not quite capturing a simple task like 

to getting to and from the local shops. This chapter therefore compared the 

performance of younger and older adults using vestibular and proprioceptive 

information in a real world setting. My aim was to establish the extent – if any – 

of age-related navigational deficits. Importantly, path integration was studied 

over a range of distances.  

Study 1 assessed unsighted path integration, where participants viewed a target 

before being blindfolded and so forced to rely on idiothetic signals to determine 

and update their position. Findings established that older adults were largely 

unimpaired. As previous work has suggested that age-related impairments are 

often dependent on the available sources of information, Study 2 extended Study 

1 by directly comparing performance that relied on vestibular information and 

kinaesthetic information. Findings revealed older adults were once again 

unimpaired when relying on idiothetic cues to reproduce paths, yet they were 

significantly impaired at reproducing distances when relying on vestibular 

information. Furthermore, older adults showed a significant enhancement of 
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performance when multiple cues were present. This study provides the first 

evidence that the integration of idiothetic information can compensate for 

diminished vestibular input in older adults. This is discussed in the context of 

enhanced integration.  Overall, the chapter established the abilities of younger 

and older adults in estimating linear distances using unimodal vestibular and 

multisensory kinaesthetic cues and offers clarification of the mixed results 

previously seen in the path integration literature.  
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3.1.1 Introduction 

Many of the networks involved in path integration degenerate during ageing. 

Muscle control is known to degenerate (Laughton et al., 2003) and vestibular 

systems become less precise (Furman and Redfern, 2001) with advancing age, 

impairing path integration (Brandt et al., 2005). Furthermore, vestibular atrophy 

can severely affect self-motion ability and patients with chronic peripheral 

vestibulopathies are impaired at maintaining a straight trajectory during walking 

(Cohen, 2000). Balance derived from the vestibular system, muscles and joints 

feedback, and musculoskeletal function become more vulnerable with ageing, 

contributing to a decrease in postural stability and control, which increases the 

risk of falling (Konrad et al., 1999). Alongside deficits with sensory processing, 

the decline in stability and postural control diverts attention from spatial cues 

and may impair navigational accuracy (Kanekar and Aruin, 2014). Finally, the 

multisensory location and orientation neuronal systems in the entorhinal cortex 

and the hippocampus are known to be vulnerable to the adverse effects of old age 

(Driscoll et al., 2003; Du et al., 2006), Taken together, one would expect to see 

clearly diminished path integration abilities in older adults. However, the current 

literature on age-related changes to path integration performance has found 

mixed results. This is possibly because of a lack of homogeneity in (a) the subset 

or combined subset of navigational cues studied and (b) the specific properties of 

each study’s task.  
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The current study examined age-related changes to path integration abilities 

when proprioceptive and vestibular cues were present. Importantly, the study 

addressed the question of whether performance was impaired in older adults 

when they were walking linear trajectories in an environment that mimicked 

typical unsighted walking. The task was designed to test performance over a 

range of distances; from 8m – 23m. Participants viewed a visual landmark before 

relying on idiothetic signals to determine and update their position, and to 

reproduce the distance of the landmark. As pervious neural recordings suggest 

there is a relationship between speed of a movement and firing rate for head 

direction cells and grid cells (Sargolini et al., 2006) and also for place cells 

(McNaughton et al., 1983) repetitions of each trial type were performed at 

different speeds to test the influence of rapidity on locomotion. Given the known 

age-related changes to hippocampal and entorhinal systems discussed above, it is 

possible that the speed of a movement may influence an individual’s path 

integration abilities. Performance was therefore measured by two parameters; the 

accuracy of distance estimation and the consistency with which participants 

performed trials of the same type.  

 

3.1.2 Methods 

3.1.2.1 Participants. Thirty-three (33) participants gave written consent and 

completed the study. The study was approved by Psychology Research Ethics 

Committee in Edinburgh. Participants were separated into two age groups (16 

younger, aged 19-23 years and 17 older, aged 69-74 years). A summary of 

participants’ demographic information can be found in Table 3.1.1. 

3.1.2.2 Neuropsychological and cognitive assessments. For details of the tests 

outlined in the following, please see Chapter 2. All included participants 

completed the NART for crystallised intelligence, and a Corsi-block tapping test 

of spatial working memory to assess the association of working memory and 

performance. Further, all participants were asked to give a brief medical history, 

reporting any psychological, neurological or physical conditions that would 
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impact on their performance ability or wellbeing during testing. All participants 

had normal or corrected to normal vision (with or exceeding 20:40 vision using a 

standard Snellen chart, with no colour blindness). Finally, older participants 

were screened for mild cognitive impairment using the MoCA test (Nasreddine 

et al., 2005) and were required to score a minimum of 25 out of a possible 30 to 

‘pass’ the screening. 

3.1.2.3 Environmental set-up 

Corridor. Few laboratories are large enough to enable testing over distances as 

long as 25 m. Therefore, testing took place in a basement corridor at the 

University of Edinburgh. The testing environment was a continuous corridor 

29.75m in length and 1.97m wide (with no obstructions. Photographed in Figure 

2.2). The space was lit from the ceiling with regularly positioned fluorescent 

lights.  

Measuring tapes. Two measuring tapes lined either side of the corridor. They had 

been covered with opaque sticky-back plastic to prevent a participant from being 

able to read the markings. 

Target. A green pole was placed horizontally on the floor as a distance marker 

for the move-to-target and depth perception trials.  

Sensory barriers. When necessary (see Section 2.5.1.4 of Chapter 2), a blindfold 

was used to visually deprive participants. The blindfold was adjusted to fit the 

participant comfortably – over glasses if necessary – before the experiment 

began. Participants also wore noise cancelling headphones to block out any noise 

external to testing.    

3.1.2.5 Procedures 

Move-to-target (MTT) task. At the start of the trial the target was placed in the 

corridor at a pre-selected distance from a set of predetermined distances (8, 12, 

14, 17, 20 23 or 26m). Standing at the base point (Figure 2.3), participants 

memorised the distance between themselves and the target for 10 seconds, before 

being blindfolded. The target was then removed and the blindfolded participant 
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guided along the corridor at either a slow (0.5 paces/second) or a fast (1 

pace/second) pace until they felt they had walked to the target. The distance 

from the base point to the front of the participant’s feet was measured as the 

response distance, and the difference between the participant’s feet and the 

predetermined distance was calculated as the error. To begin the next trial, the 

participant was guided to whichever end of the corridor was closest, at a pace 

that was comfortable.  

Depth perception (DP) task. As there is an element of depth perceptual judgement 

required for the MTT task, I also tested depth perception ability, adapted from 

Philbeck et al. (2004), as follows. 

Each trial was presented in two phases:  

 Participants viewed the target in the corridor at a pre-selected distance 

(7, 12.25 or 21.5m), for 10 seconds. They were then seated in a 

wheelchair and pushed along the length of the corridor4, blindfolded. 

 The blindfold was removed to reveal the target at a distance 25% or 

50% of the distance it had been in Phase 1 of the trial. Participants 

directed the target backwards by instructing an Experimenter until 

they judged the distance between themselves and the target to be equal 

to the distance during Phase 1. Once the participant was satisfied that 

the target was correctly positioned, they were led back to whichever 

end of the corridor to begin the next trial.  

 

Statistical analysis software. For all graphical analysis, MATLAB (R2010a) with 

the Statistics Toolbox was used. For inferential statistics, IBM SPSS Statistics 20 

was used. Corrections for multiple comparisons within an age group were 

computed using a Holm-Bonferroni correction function written by a colleague, 

Mat Harris. 

                                                           
4
 Participants were taken to the opposite end of the corridor to prevent them from simply 

realigning the target with markers such as ceiling tiles or radiators.  
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Preparation of data for analysis. For each trial the response distance the 

participant walked was recorded and noted as ‘observed distance’. To assess 

error across distances, the signed percentage error was calculated using the 

outbound, ‘expected’ and the observed distances, by the Equation: 

(
observed

expected
) − 1 

Outlier removal method A (Section 2.7.4.3) was used. Outliers were defined as a 

value three (3) times the standard deviation from the group mean. A total of 

1.66% of trials (20 trials; 5 younger, 15 older) were identified as outliers and 

removed from further analysis. 

 

3.1.3 Results 

3.1.3.1 Overview Overall, there was very little difference in performance 

between younger and older adults. This was true for the path lengths, error and 

IIV for both groups: in short, performance was very similar in every regard. 

Therefore, there was no significant effect of age in overall signed error (t(31) = 

0.29, p = 0.7715), or variance of responses across repetitions between age groups 

(IIV; p = 0.191) as summarised in Figure 3.1.1. These results suggest both age 

groups were reasonably accurate at estimating the distance of a static landmark 

and recreating the distance using unsighted path integration. Furthermore, there 

was no deficit of advancing age on performance.  

3.1.3.2 Neuropsychological and cognitive assessments. As shown in Table 

3.1.1, none of the older adults showed signs of clinical MCI. However, older 

participants scored lower on the task for spatial working memory but 

outperformed younger participants in the NART task of crystallised intelligence. 

These findings are not unusual in ageing studies (Lövden et al., 2005; Bates and 

                                                           
5 The p-values for each inferential analysis are displayed in the text of this section. All other 

values (such as F-ratios and t-values) can be found in Table 3.1.2 
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  Younger (SD) Old (SD) P 

N 16 (9 male) 17 (8 male)  

Mean age 21.4 (1.17) 69 (4.12)  

NART score 39 (3.14) 46 (4.50) < 0.001 

Corsi Blocks 5.3 (1.4) 4.33 (1.86) < 0.001 

MoCA N/A 28.96 (0.7)  

Table 3.1.1.  Subject characteristics and cognitive tests results for Study 3.1 

 

 

Wolbers, 2014) and further confirm the typicality of the participant sample of 

this sample.  

3.1.3.3 Depth perception accuracy. Both younger and older participants were 

relatively accurate at measuring the depth of the target (mean error, young; 

5.5%, older; 6.1%). Analysis of variance on target distance x age revealed that 

depth perception abilities were independent of target depth (main effect; p = 

0.091) and performance was not diminished by age (p = 0.192). Furthermore, 

comparing trials where the target was displaced by 25% vs. 50% revealed no 

effect of displacement on accuracy (p = 0.685). Taken together, it is likely that 

any performance deficits in older adults are a result of diminished path 

integration abilities, and not a more global deficit in depth perception.  

3.1.3.4 Speed accuracy. Two speeds of movement were used during the 

response phase, which mismatched natural walking speed – one pace was faster 

and one slower - to prevent participants from attempting a timing strategy to 

estimate distances.  As grid cells in the entorhinal cortex express information 

about an individual’s location during path integration, independent of speed 

(Hafting et al., 2005), I expected to find that the speed of travel would not affect 

participants’ estimations of distance. This was indeed the case; an ANOVA with 

factors speed, age and distance no effect of speed (p = 0.457), age (p = 0.098) or 

distance (p = 0.072), and no interaction (p = 0.341). Therefore, the data were 
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collapsed for speed and all further analyses used data from both speed 

conditions.  

3.1.3.5 Distance estimation accuracy. For each trial, the distance the 

participant walked from the starting line to their stopping point was recorded and 

taken as the ‘actual distance’ walked. These are plotted in Figure 3.1.2a. The 

difference between the participants’ actual distance and the correct response 

distance (i.e. how far they should have walked) was taken as the error distance, 

and it was signed to measure whether they over or under estimated distances. To 

compare error across distances, the signed percentage error was calculated for 

both age groups, and plotted in Figure 3.1.2b. 

Initial analysis across all distances revealed younger and older adults walked a 

similar mean distance (p = 0.771) and therefore performed with similar error, 

with both age groups tending to underestimate all distances and error 

accumulating as a function of increasing path length. The analysis of overall 

actual distance therefore suggests there  was little difference in performance 

between age groups. This was confirmed by a mixed model ANOVA of path 

length (within group variable) and age (between group variable) revealing no 

effect of age on performance (p = 0.781) or error (p = 0.976).  

Figure 3.1.2a plots the distance that subjects walked (y-axis) as a function of the 

distance to the target that they saw at the outset (x-axis).  As expected, subjects 

walked much further for longer seen distances, an effect that was highly 

significant (p < 0.001).  Both groups of subjects tended to ‘undershoot’ and so 

the data points are under the line of equality. However, younger adults tended to 

underestimate shorter distances rather less than older adults, while 

undershooting longer distances about the same. Consequently, there was an 

interaction of age with path length error (length x age interaction; p = 0.018).  

Overall, participants made more error when they walked further (p < 0.005). 
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Figure 3.1.2 (a) group mean response for younger and older adults. Data points are the 

group mean response (y) for each outbound distance (x). (b) Group signed error for each 

outbound distance. Error bars as before (c) group standard deviation of responses. Error 

bars represent standard deviation of responses. Error bars represent standard error of the 

mean in each case. 

Figure 3.1.1. Overall distance walked and variance of participant responses for each age 

group. The dashed line (left hand chart) notes the perfect average score. Error bars 

represent standard error of the mean; bootstrapping was used to calculate the confidence 
intervals in each case. 

a) b) c) 
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3.1.3.6 Variable error. Did older adults therefore show no performance deficits? 

Signed error, as shown in Figure 3.1.2b, includes both a constant error – such as 

the tendency to under or over-estimate distances, and a variable error – the 

inconsistency of responses between repetitions of the same trial type, which often 

reflects noise or uncertainty. This variable error is also known as intraindividual 

variability (IIV). Previous literature has found mixed results concerning IIV and 

older age. In the current study, older adults did not have significantly different 

IIV overall (p = 0.1915) and both younger and older adults performed relatively 

consistently (mean IIV; young; 10.2%, older; 11.6%) as seen in Figure 3.1.2b. 

Figure 3.1.2c suggests older adults were less consistent in their responses at each 

distance; however, the difference at each distance was not large enough to be 

significant (main effect: p = 0.302) and was not affected by path length (p = 

0.819). These findings concur with those of navigation that relies on optic flow 

(Harris and Wolbers, 2012). 

 

3.1.4 Discussion  

The main finding was that both younger and older adults tended to 

underestimate distances, at a rate proportional to increasing path length. This 

result was independent of depth perception and working memory. Both younger 

and older adults performed similarly; age did not impair depth perception, 

response, error or IIV – suggesting that path integration based on idiothetic 

inputs is largely intact in the older participants.  

As expected, distance estimation error increased with outward distance for both 

younger and older adults. This increase in error supports previous findings of 

distance estimation using a static visual landmark (Sun et al., 2004) and more 

generally in the field of path integration (Loomis et al., 1993; Lappe et al., 2007, 

2009; Mahmood 2009; Harris and Wolbers, 2012; Adamo et al., 2012). Both 

groups of participants tended to underestimate all distances, but older adults 

were as accurate as younger adults overall and only consistently less accurate at 

the shortest distances. Although signed errors in the tasks were small, these 
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conditions were tested in a real world environment with comparable stimulus 

conditions and the same participants. The errors can therefore be considered as 

informative measurements, and reflective of the effects of ageing. The 

performance of older adults supports the some previous findings of age-related 

preservation of path integration using idiothetic cues (Adamo et al., 2012). 

However, it does not appear to support much of the visual path integration 

literature, suggesting that older adults are impaired at navigation based on optic 

flow (Mahmood et al., 2009, Harris and Wolbers, 2012). It is likely that path 

integration relying on optic flow alone may not prompt heading direction to 

update automatically in the same way that vestibular and proprioceptive inputs 

influence heading direction (Loomis et al., 2002). Therefore, tasks that rely on 

optic flow may not be representative of age-related influences on spatial abilities. 

Alternatively, it is possible that the results of the current study are also consistent 

with findings that rely on optic flow but that the process of integrating 

proprioceptive and vestibular cues can compensate for deficient optic flow. 

However, confirmation of this idea is beyond the scope of my data and the 

argument would be strengthened by further empirical evidence. 

Performance can be measured in terms of absolute or percentage error, and in 

terms of how consistent these errors are across repetitions of the same trial type. 

The latter is known as intraindividual variability, or IIV. The current study 

suggested that IIV was not influenced by age or path length, partially supporting 

previous navigational work (Harris and Wolbers, 2012) but not non-navigational 

tasks. It has been suggested that previous evidence for increased IIV in older age 

is only apparent in non-navigational domains, such as the sensory systems 

required for reaction time tasks (Harris and Wolbers, 2012). It is possible that 

this is the case with the current study. Alternatively, older adults may be just as 

accurate and precise as younger adults in simple linear path integration tasks. 

What are the possible explanations for older adults’ performance in the current 

task? Three possibilities may be considered. One explanation is that older adults 

in the current study were not representative of the population. This is unlikely 

given that the older adults in the current study performed in a way that was 
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comparable to other studies of ageing in the current literature, and further their 

pencil and paper test results were as expected. A second possibility is that the 

simplicity of the task made it easy to perform well, and therefore it did not 

penetrate the diminished abilities of older adults. However, this is likely not the 

case as (a) participants made errors at all distances and (b) errors increased as a 

function of distance. Together, these findings suggest that participants did 

respond to the task and found longer distances to be more challenging. 

Furthermore, similar methods have been successfully used to examine path 

integration abilities in healthy younger adults (Lappe et al., 2007; 2009; 2011) 

and individuals with medial temporal injury (Philbeck et al., 2008), suggesting 

that whilst the task is not complex, it can be successfully used to examine path 

integration abilities. Importantly, I chose the method specifically because it 

reflected a situation that was typical to everyday navigation and so would 

highlight the real-world abilities of older adults.  

An alternative explanation for the results is that healthy older adults are not 

impaired at walking the relatively short distances required in everyday situations, 

akin to those created in the current study. This could in turn be because the 

sensory systems involved in path integration are (a) not sensitive to age-related 

degeneration, or (b) the process of path integration compensates for degeneration 

of its components, to maximise spatial navigation accuracy. The first of these 

possibilities seems implausible given the well documented evidence for age-

related decline and injury to the major systems that support path integration 

(Ingram et al., 1988; Moffat and Resnick 2002; Stackman et al., 2002; Adamo et 

al., 2007, 2009). The latter possibility – that the dynamic process of path 

integration can compensate for suboptimal sensory systems – has not yet been 

studied, although non-navigation studies of audio-visual integration have found 

that integration strategies do change as a result of ageing (Laurienti et al., 2006; 

Hugenschmidt et al., 2009). Investigating either of these possibilities is beyond 

the scope of the current study, but should be the next step towards understanding 

how ageing affects the fundamental processes of spatial navigation. As previous 

studies have found age-related deficits in navigation relying on vestibular input 

(Allen et al., 2004; Adamo et al., 2012) but not in navigation where participants 
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walked unsighted (Adamo et al., 2012), isolating these subsets of cues could be 

used to test integration of cues during movement. By examining vestibular input 

vs. a combination of vestibular and proprioceptive inputs, the direct influence of 

proprioceptive cues on path integration can be established.  

The next study was therefore designed to test the possibility that kinaesthetic 

inputs may be able to compensate for age-related degeneration in the vestibular 

system. Younger and older adults estimated path lengths in two conditions; (a) a 

return-to-origin task using only vestibular cues, in which I predicted to see a 

deficit, and (b) a move-to-target task using vestibular and proprioceptive cues 

(i.e. unsighted self-motion), in which successful compensation may occur. 

Similar to Study 3.1, distances ranged between 8m and 23m, to examine path 

integration abilities over both shorter and longer trajectories. Both distance 

estimation error and variability between trials were measured to assess 

performance. 

 

 



78 
 

 

3.2.1 Introduction  

The previous study found little evidence of age-related degeneration to path 

integration that relied on self-motion cues consisting of vestibular and 

proprioceptive cues. This may be surprising given the known age-related 

degeneration to vestibular cues. Whilst proprioception, reliant on muscle 

feedback and posture control, is known to also be vulnerable to ageing (Skinner 

et al., 1984; Kaplan et al., 1985; Goble et al., 2009), previous work has suggested 

that it does not impair spatial abilities in older adults (Study 1 of this chapter, 

Adamo et al., 2012) during simple tasks (Boisgontier et al., 2012). When walking 

using proprioceptive cues, vestibular information is generally still available. 

Therefore, could it be possible that the process of path integration compensates 

for suboptimal sensory processes, such as those of the vestibular system?  

To address this question, the current study investigated how ageing impairs path 

integration based on vestibular inputs and how path integration deficits may be 

minimised by the presence of proprioceptive cues. Younger and older adults 

estimated linear distances of 8m to 23m, using either vestibular or kinaesthetic 

(vestibular + proprioceptive) cues. Measuring participants’ accuracy allowed me 

to assess the effect of age on abilities across all distances. The effects of age on 

noise in path integration processing were calculated by measuring participants’ 

variability across repetitions of the same trial type. Finally, by comparing 
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performance between vestibular and kinaesthetic inputs, I was able to determine 

how path integration performance changes as a function of available cues.   

Performance in path integration can be measured by taking the errors an 

individual makes trial by trial, and also the consistency of their responses by 

trials of the same type – namely their intraindividual variability (IIV). IIV 

increases as a function of ageing, as the neural networks coding for spatial 

location become noisier and less stable. IIV appears to increase with some 

navigational tasks, non-navigational reaction time tasks (Robertson et al., 2006; 

Dykiert et al., 2012) and associative memory tasks (Vandermorris et al., 2013). 

However, IIV may not increase with age in simple distance estimation tasks that 

rely on path integration (Harris and Wolbers, 2012; Study 3.1). This is possibly 

because simpler tasks do not expose an increase in IIV until later in the ageing 

process (Bielak et al., 2014). Currently, the influence of age on IIV in vestibular 

navigation is unknown. However, as it is possible that increased IIV may reflect 

age-related decline in neural networks, including medial temporal regions 

involved in path integration, the current study will also assess the consistency of 

participant responses. 

Decline in performance may also manifest in older adults as a tendency to 

regress towards the mean across trials, seen as a restriction in the range of their 

responses. One possible explanation of this tendency assumes that an individual 

tracks the entire distance they travel by encoding their change in position with 

each physical step. During movement, the encoded representation of distance is 

multiplied by a constant gain factor, but also decays slightly, due to a location-

dependent leak factor. As leak is accumulative across distance (Lappe et al., 

2007; 2009; 2011), this Leaky Integration model can account for adults’ observed 

overestimation of short distances and tendency to underestimate longer distances 

during movement (Kearns et al., 2002; Riecke et al., 2002; Allen et al., 2004; 

Wolbers et al., 2007; Mahmood et  al., 2009). Restriction in the range of 

responses becomes more pronounced in older adults, which Harris and Wolbers 

(2012) attribute to an age-induced increase in the decay of information during 

movement judged by optic flow, i.e. an increase in leak. Given the known 
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decline in navigational performance of older adults in tasks based on optic flow 

(Mahmood et al., 2009), increased leak may well reflect the trend of cognitive 

decline. However, to my knowledge, the effects of age on leak/gain parameters 

have not been explored in tasks that require vestibular cues, such as real-world 

distance estimation. As age effects in performance have been shown to be highly 

dependent on the amount of available information (Allen et al., 2004, Adamo et 

al., 2012), it is reasonable to expect that a restricted response range may become 

apparent when only vestibular cues are available in the task. 

 

3.2.2 Condition A: path integration using vestibular cues 

3.2.2.1 Methods  

3.2.2.1.1 Participants: Forty-five participants (23 younger, aged 19-23 and 22 

older, aged 69-74) gave consent to partake in and completed the study. Two 

older participants failed to complete the entire study (one older adult became 

fatigued and one study was interrupted by a fire evacuation) and so their data 

were excluded from any analysis. Post testing, it became clear that one older 

participant had not followed the procedure and they self-reported they had 

attempted to employ a ‘strategy’ for computing responses, so their data were 

excluded from analysis. Therefore, the results report the performance of forty-

two participants (23 younger, 19 older). Table 3.2.1 illustrates the summary of 

demographic information for the final participant sample. 

3.2.2.1.2 Neuropsychological and cognitive assessments As Study 3.2 

Condition A and Condition B were tested together, neuropsychological and 

cognitive assessments were completed only once for both studies, before any 

procedural testing. Details can be found in Section 2.4. In short, participants 

completed the NART for crystallised intelligence, and a Corsi-block Tapping test 

of spatial working memory, gave a brief medical history, and had normal or 

corrected to normal vision (with or exceeding 20:40 vision using a standard 
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Snellen chart, with no colour blindness). Older participants were screened for 

MCI using the MoCA test (Nasreddine et al., 2005). 

3.2.2.1.3 Environmental set-up. The environmental set-up and procedure were 

identical to those of Study 1. Any differences are outlined below, and described 

in greater detail in Chapter 2. A standard hospital wheelchair was used to 

transport participants during trials without proprioception. For details, see 

Section 2.5.1.3 of Chapter 2. 

3.2.2.1.4 Procedure 

Task. The following provides a skeleton outline of the task. For a detailed 

description, please visit Section 2.5.2.4 of Chapter 2.  

Participants began each trial seated in the wheelchair blindfolded at the starting 

position - the ‘base point’ (Figure 2.3b). For the outbound journey participants 

passively travelled – in a wheelchair – a set distance (8, 12, 14, 17, 20, 23 or 26m) 

at either 0.5 paces per second or 1 pace per second. On reaching the set distance 

participants stood up, turned to face the starting position and walked 

blindfolded, to reproduce the distance they had just travelled in the wheelchair. 

For this response phase participants were encouraged to walk at a pace that felt 

comfortable. Experimenter 1 ensured they walked a linear path without veering 

off course. Once the participant felt they had correctly reproduced the outward 

path length they stopped walking and stood with their feet together. The distance 

they had walked was recorded, to calculate the participants’ error for each trial.  

Testing orders. Conditions A and B were tested concurrently in one session. The 

testing order therefore includes trials of three different types: DR (described in 

Study 3.1), MTT and DP. Testing was blocked by trial type, but the blocks were 

shuffled so that the trial types changed several times throughout the experiment, 

as explained in detail in Section 2.5.2.6 of Chapter 2. The experiment was 

presented in four blocks: each block consisted of 3 sub-blocks – one for each trial 

type – and each sub-block comprised of one repetition of each distance. 

Therefore, each block consisted of 17 trials (7 distance reproduction trials + 7 
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move-to-target trials + 3 depth perception trials) and each participant completed 

68 trials in total.  

Preparation of data for analysis. Observed and error distances were calculated in 

the same way as Study 3.1. Outliers were defined as a value three times the 

standard deviation from the group mean. 0.83% of trials (10 trials. 7 younger, 3 

older) were identified as outliers and removed from further analysis. 

Leaky Integration model. The leaky integration model (Lappe et al., 2007) 

proposes that a state variable, such as the current distance from the starting 

point, is incremented with each step by the distance of that step, with a constant 

factor (k), but that it is also slightly reduced in proportion by a leak factor (α). In 

other words, the state variable is constantly updated with each segment of 

movement (k), but has a tendency to decay (α), proportionally to the currently 

encoded position. Mathematically, this can be formalised by the following 

Equation: 

𝑑𝑥

𝑑𝑝
= 𝑘 − 𝛼𝑝 

Where x is the actual position of the individual, p represents the encoded 

position, k is the constant gain factor and α represents the leak rate. As gain is 

incremented with each forward movement, k influences the distance with which 

each individual step is integrated. If k = 1, the motion is transformed perfectly 

into the perceived distance travelled. Therefore, if k < 1, the forward step with 

will be underestimated and if k >1, the encoded information will overestimate 

the actual distance gained. 

The integrated perceived distance p for each actual distance (x) is crucial in 

estimating the distance travelled. If there is a leak (𝛼), p < x, and the encoded 

information will result in the individual underestimating the traversed path 

length. The integrated dp for dx can be solved by the following Equation: 

𝑝(𝑥) =
𝑘

𝛼
(1 − 𝑒−𝛼𝑥) Equation 3.1 
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The model predicts the perceived distance walked depends on (a) the true 

distance from the origin to endpoint (b) the length of the travelled path. The 

observed values for each expected distance were averaged across repetitions for 

each participant and the mean observed and expected distances were inputted 

into the leak model using Equation 3.1 and a MATLAB function ‘fminsearch’, 

to fit optimal gain and leak factors for younger and older participants separately. 

T-tests assessed age effects on the model parameters for gain and leak. 

- 

3.2.2.2 Results 

3.2.2.2.1 Overview. The initial analysis of participants’ estimations across all 

distances examined the mean distance reproduced across trials. This revealed 

that younger participants were overall more accurate than their older 

counterparts (p < 0.001); although both groups tended to be short in their 

estimations of distance overall, underestimation was far greater for older 

participants (Figure 3.2.2). Further investigation by cross examination of 

distances revealed younger participants tended to overshoot shorter but 

underestimate longer distances – so their mean distance was relatively accurate, 

whereas older participants tended to undershoot all but the shortest distance – 

resulting in a much less accurate overall mean score. Both groups’ responses and 

errors were dependent on outward distance (p = 0.001 and p < 0.001 

respectively) and age (p < 0.001 in both cases), with older adults undershooting 

all but the shortest distance, and also generally making larger errors in their 

estimations. 

As expected, all participants showed greater variability (IIV) at longer distances 

(p = 0.002). However, older adults displayed less variance than younger adults (p 

= 0.030; no interaction, p = 0.121) as well as a restriction in the range of their 

responses (p = 0.009). To investigate the restricted response range further, the 

leaky integration model was fitted to the data for each participant. Leak and 

Gain factors were compared with age group. The striking finding was that these 

factors were significantly higher in younger subjects than for the older group. 
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This unexpected result and the suitability of the hypothesis are debated in the 

discussion.  

Taken together, these results suggest that the older adults were typical of their 

age group (reflected in cognitive assessments and IIV results) and showed a 

clearly diminished tendency to estimate distance. Given responses relied on 

mainly vestibular information and this is known to be sensitive to the 

consequences of ageing, it is therefore reasonable to conclude that older adults’ 

abilities are impaired by a diminished vestibular system. What was surprising 

was that the variability of their reduced estimates was less than that of younger 

subjects.    

3.2.2.2.2 Neuropsychological and cognitive assessments. Summarised in Table 

3.2.1, older adults displayed a significantly higher level of crystallised 

intelligence, as is typical of ageing studies (Lövden et al., 2005; Chapter 5 of this 

thesis). Older adults demonstrated a significantly lower spatial working memory, 

scoring significantly lower than younger participants on the Corsi-blocks tapping 

test.   

3.2.2.2.3 Speed accuracy. Participants reproduced each distance at either 0.5 

paces/second or 1 pace/second, which was mismatched to their outbound 

 

  Younger (SD) Old (SD) P  

N 23, 10 male 19, 8 male   

Mean age 20.6 (1.27) 71 (5.85)   

NART score 38.2 (4.05) 45 (4.09) < 0.001  

Corsi Blocks 6.1 (1.2) 4.82 (1.01) < 0.001  

MoCA N/A 29.53 (0.9)   

Table 3.2.1 Subject characteristics and neuropsychological assessments for participants. 

Older participants scored significantly better in the NART test (t(40) = 0.014, p < 0.001) 

but were less able in the Corsi-blocks tapping test for spatial working memory ( t(40)  = 

0.037, p < 0.001. 
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passive motion, to prevent them from using a timing strategy. Furthermore, the 

Leaky Hypothesis proposes that leak occurs over distance and not speed (Lappe 

et al., 2011). Therefore, distance estimation should not differ as a function of 

speed.  An ANOVA with factors speed, age and distance revealed no effects of 

speed (main effect, p = 0.457) so the data were collapsed for speed and all further 

analysis was conducted on all the data collected.   

3.2.2.2.4 Distance reproduction accuracy. For each trial, the distance the 

participant walked during the response phase was recorded. The difference 

between the walked distance (i.e. their estimation during the participant 

response) and the correct response distance was taken as the signed error 

distance. To compare error across distances, the signed percentage error was 

calculated. 

Initial analysis across all distances revealed that younger participants were 

significantly more accurate overall whilst older adults were prone to undershoot 

distances (Figure 3.2.2). Were younger participants therefore more accurate at 

each distance? To investigate whether the overall mean error was representative 

at each level, the mean observed values for each distance were plotted for both 

age groups. Figure 3.2.3a demonstrates that older adults did indeed tend to 

undershoot distances at all lengths, but younger participants were prone to 

overestimating shorter distances but underestimating longer ones – resulting in 

more accurate estimations overall (across distances). All participants therefore 

adjusted their responses by trial, confirmed by a mixed model analysis of 

variance (ANOVA) finding a significant effect of outward distance (p < 0.001) 

and age (p < 0.001) on response, with no interaction (p = 0.537). A significant 

main effect of outward distance on signed error (p < 0.001) further confirmed 

that accuracy was affected by the path length. Depicted in Figure 3.2.3b, 

younger participants tended to over-estimate shorter distances and underestimate 

longer, with relatively little error at around 15m, whereas older participants 

tended to underestimate all but the shortest distance, being most accurate around 

10m. There was therefore a main effect of age on signed error (p < 0.001) and a 

significant interaction between age and outward distance (p = 0.012). After post-
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hoc Holm-Bonferroni corrections, age differences in signed error remained 

significant for all distances (8m: p = 0.004; 11m: p = 0.002; 14m: p = 0.003; 

17m: p = 0.047; 20m: p = 0.047; 23m: p = 0.004). Given the older group scored 

lower in the Corsi-blocks test for working memory (p < 0.001; Table 3.2.1), it 

was possible that greater error in performance was linked to a diminished spatial 

working memory. However, correlating overall error with Corsi-blocks test 

scores revealed that only a small amount of performance could be associated 

with working memory, for both younger and older adults (younger: r=-0.11, p = 

0.632; older r = 0.16, p = 0.499).  
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Figure 3.2.3 a) group mean response for younger and older adults. Data points are the group mean 

response (y) for each outbound distance (x). b) Group signed error for each outbound distance. Error bars as 

before c) group standard deviation of responses. Error bars represent standard deviation of responses. Error 
bars represent standard error of the mean in each case. 

a) b) c) 

Figure 3.2.2 Overall distance walked and variance for each age group. The dashed line (left 

hand chart) notes the perfect average score. Error bars represent standard error of the mean; 
bootstrapping was used to calculate the confidence intervals in each case. 
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3.2.2.2.5 Variance of responses. Calculating participants’ error as their mean 

error across repetitions means that their error score includes a constant error – 

such as background/processing noise from motor effector systems or a tendency 

to under or overshoot – and a variable error (also known as the intra-individual 

variance or IIV) – the scattering of responses, reflecting an uncertainty about the 

return location during a specific trial. Taking the IIV as an interpretation of 

neural noise or uncertainty, there were significant main effects of outward 

distance on IIV in response (p < 0.001) and signed error (p = 0.002) mirroring 

the effect of outward distance on mean response. While there was no effect of 

age on IIV (p = 0.154) on response and no interaction with distance (p = 0.692), 

older adults showed a lower IIV in their errors across distances (seen in Figure 

3.2.2b) and there was a significant main effect of age on IIV in signed error (p = 

0.030, no interaction; p = 0.121). Older adults also showed less of a variation in 

error across distances (Figure 3.2.3c, independent samples t-test; p = 0.009), 

which together with restricted ranges of responses across distances often indicate 

impairments in distance estimation. Whilst older adults did not demonstrate 

lower variance across their response range (p = 0.523), It was possible that older 

adults’ supressed variance in error may be indicative of a greater leak, or 

tendency for a decay of information during the processing of path integration, 

measured by the Leaky Integrator Hypothesis. Therefore, I fitted leak and gain 

parameters to the data for each participant, as the following details. 

3.2.2.2.6 Leaky path integration. During path integration, the moving 

individual integrates the changes in position that occur with each step. This is 

monitored by a state variable – such as the current distance from the starting 

point – is updated with each step by a gain factor (k) proportional to step size, 

but that the update value is also reduced slightly by a leak factor (ᵅ). Leak 

represents a loss or decay of information throughout movement and, as with 

gain, is accumulative along the length of the movement. As the current older 

adults showed greater variability in the error of their responses across distances, 

gain and leak model parameters were fit to each participant’s mean response for 

each distance. An independent samples t-test revealed that younger participants 

exhibited significantly greater gain (p < 0.001) and leak (p < 0.001) than older 
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participants. In order to see how the model fits with the data for each group, the 

model parameters k and 𝛼 were fitted to the data for each group average. The 

best fit model for the younger participants was generated with k = 1.55 and 𝛼 = 

0.058, and for older participants with k = 1.19 and 𝛼 = 0.040.  

 

3.2.3 Condition B: path integration using kinaesthetic cues 

3.2.3.1 Methods  

3.2.3.1.1 Participants. The same 45 participants (23 younger, aged 19-23 and 20 

older, aged 69-74) who completed Study 2 also took part in Study 3, as the two 

studies were tested in one session. The participant demographics and results of 

the neurological and cognitive assessments can be found in Table 3.2.1.  

3.2.3.1.2 Environmental set-up. This was identical to the set up in Study 3.1, 

Section 2.5.2.3 of Chapter 2. 

3.2.3.2 Procedure 

MTT task. The task was identical to that of Study 3.1, and can be read in Section 

2.5.2.4 of Chapter 2 or an abridged version in Study 3.1.   

DP task. This task was also identical to that used in Study 3.1, and therefore can 

be read in Section 2.5.2.5 of Chapter 2, or Study 3.1. 

Testing orders. As this study was completed simultaneously with Study 3.2, the 

testing orders have been described in Study 3.2. The trials tested in this current 

study are those of the MTT and DP tasks.  

Preparation of data for analysis. Observed and error distances were calculated in 

the same way as Studies 3.1 and 3.2. Outliers were defined as a value three times 

the standard deviation from the group mean. 1.66% of trials (20 trials; 5 younger, 

15 older) were identified as outliers and removed from further analysis. 
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3.2.3.2 Results  

3.2.3.2.1 Overview. Preliminary plotting of overall error across distances 

suggested that participants performed similarly regardless of age, and 

comparably with the findings of Study 3.1. Once again, older adults were more 

accurate overall (Figure 3.3.1), although both groups tended to undershoot all 

distances (Figure 3.3.2a). For this study, older adults were significantly more 

accurate overall, and also made significantly less error than younger adults as a 

function of distance. However, once Holm-Bonferroni corrections for multiple 

comparisons were applied to assess age differences at each distance, this effect of 

age disappeared. Concordantly with findings from Study 3.1, age did not 

influence IIV (figure 3.3.2c), despite there being a trend to suggest older adults 

performed with a restricted response range. Taken together, older adults showed 

little to no deficits in performance, suggesting that visual path integration 

abilities are not impaired as a function of age during linear distance estimation.   

3.2.3.2.2 Neuropsychological and cognitive assessments. Summarised in Table 

3.2.1, older adults displayed a significantly higher level of crystallised 

intelligence, as is typical of ageing studies (Lövden et al., 2005; Bates and 

Wolbers, 2014). Older adults demonstrated a significantly lower spatial working 

memory, scoring significantly lower than younger participants on the Corsi-

blocks tapping test.  

3.2.3.2.3 Speed accuracy. Participants estimated each distance at either 0.5 

paces/second or 1 pace/second, to prevent them from using a timing strategy. 

An ANOVA with factors speed, age and distance revealed no effects of speed 

(F(1,40) = 1.00, p = 0.464) so the data were collapsed for speed and all further 

analysis was conducted on all the data collected.   

3.2.3.2.4 Depth perception accuracy. Overall, both younger and older 

participants performed well, showing only a small error in depth perception 

accuracy (mean error, young; 6.14%, older; 4.91%). Participants’ accuracy was 

not influenced by target depth (main effect: p = 0.090), or displacement (25% vs. 

50%; p = 0.078), and there was no influence of age on depth perception error 
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(main effect: p = 0.2028, interaction; p = 0.072). Therefore, participants’ 

performance in the move-to-target task is likely to be more greatly influenced by 

path integration abilities than visual perceptual systems. 

3.2.3.2.5 Distance estimation accuracy. For each trial, the distance the 

participant walked during the response phase was recorded. The difference 

between the participants’ walked distance (i.e. their estimation during the 

response phase) and the correct response distance was taken as the signed error 

distance. To compare error across distances, the signed percentage error was 

calculated. 

Initial analysis across all distances suggested that older participants were 

significantly more accurate overall (p = 0.034), with younger adults being prone 

to undershooting distances more than their older counterparts (Figure 3.3.1). A 

mixed model ANOVA of expected distance, participants’ walked distances and 

age revealed participants adjusted their response by trial type (main effect; p < 

0.001) and that performance was dependent on age (main effect: p = 0.038), with 

no age by trial type interaction (p = 0.076).  
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  Figure 3.3.1 Overall distance walked and variance for each age group in the move-to-target 

task. The dashed line (left hand chart) notes the perfect average score. Error bars represent 

standard error of the mean; bootstrapping was used to calculate the confidence intervals in each 
case. 

Figure 3.3.2 a) group mean response for old and young. Data points are the group mean 

response (y) for each outbound distance (x). b) Group signed error for each outbound distance. 

Error bars as before c) group standard deviation of responses. Error bars represent standard 

deviation of responses. Error bars represent standard error of the mean in each case. 

a) b) c) 
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Figure 3.3.2a shows the effect of age on performance, making clear that older 

adults tended reproduce the expected distance more accurately at each distance 

than younger participants, who tended to undershoot to a greater extent. Figure 

3.3.2b suggests that expected path length did not have an effect on the amount of 

error made for either group, which was confirmed with no significant main effect 

of expected distance on signed error (p = 0.341). All participants tended to 

undershoot all distances, but younger participants were more prone to 

undershooting (Figure 3.3.2a) and therefore made greater errors (Figure 3.3.2b). 

There was therefore a small main effect of age on signed error (p = 0.045); 

however, after holm-bonferroni corrections for multiple comparisons, the age 

difference in signed error did not remain significant for any expected distances 

(8m: p = 0.402; 11m: p = 0.143; 14m: p = 0.2024; 17m: p = 0.160; 20m: p = 

0.146; 23m: p = 0.2023). Expected distance appeared to have little influence over 

the error made for both groups of participants (Figure 3.3.2b) and so there was 

no significant main effect of expected distance on signed error (p = 0.341) and no 

significant interaction between age and expected distance on participants’ 

responses (p = 0.225). 

3.2.3.2.6 Variance of responses. Participants completed four repetitions of each 

trial type, and the variability between these repetitions was calculated to find the 

intraindividual variability (IIV), which reflects uncertainty about the correct 

response, which may be a manifestation of an age-related increase in neural 

spatial representations (demonstrated in Chapter 5). A main effect of expected 

distance on IIV (p < 0.001) concurred with the effect of expected distance on 

mean response, and suggests that expected distance does indeed affect 

participants’ certainty in their responses (Figure 3.3.2c). There was no significant 

main effect of age on IIV in response (p = 0.439) and there was no interaction of 

age and expected distance on IIV (p = 0.491). These findings were also 

consistent with analysis of IIV on error. There was no effect of IIV on errors 

made at different lengths (p = 0.497), and age was not a significant factor (p = 

0.792). Finally, there was no interaction of age and length on IIV (0.708).  
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3.2.3.2.7 Difference of sensory inputs. Participants estimated distances when 

either vestibular or kinaesthetic inputs were available to assess the relative effects 

of different sensory inputs on path integration. The difference in overall 

performance error between the vestibular and kinaesthetic conditions was 

calculated for each participant. A t-test by age group (younger vs. older) was then 

performed to reveal older adults made a significantly greater improvement in 

performance when proprioceptive cues were present, in the kinaesthetic 

condition (p < 0.001). These findings suggest that age-related impairments are 

dependent on the sensory information available and, importantly, that the 

presence of proprioceptive cues was significantly more beneficial to older adults.  

 

3.2.4 Discussion  

The main finding of the present study was that older adults are not impaired 

when navigating using kinaesthetic cues, despite showing impairments when 

relying on vestibular cues alone. This suggests that older adults are able to 

integrate multiple cues to improve their performance and compensate for age-

related deterioration of unimodal systems. In the distance reproduction task, 

older adults were significantly less accurate than younger subjects; whereas in 

the move-to-target (distance estimation) task, the age-related deficits were not 

observed, and older adults were more accurate overall. There was no effect of 

age on signed error after corrections for multiple comparisons. 

Taken together, these studies compared, in younger and older adults, the relative 

contributions of vestibular information and proprioceptive information to 

performance on relative path length estimation. Importantly, the contributions of 

each sensory system were compared between age groups to establish how ageing 

alters the dynamics of path integration. Distance estimation abilities were tested 

using distinct move-to-target and distance reproduction tasks. In the distance 

reproduction task, participants could rely only on vestibular input to estimate 

distances. Older adults were significantly less accurate in their responses overall 

and tended to underestimate distances much more than younger adults. The 



95 
 

younger adults employed a different strategy; overestimating shorter distances 

but underestimating longer ones, resulting in much more accurate navigation on 

average across distances. Age also influenced variability of responses, with older 

adults performing more consistently across trials, and showing a supressed IIV in 

the range of responses. In an attempt to explain this pattern, parameters of leak 

and gain were fit to the data for each participant and the two age groups 

compared. My results suggested that older adults showed significantly lower gain 

and leak, a finding that is unsupported by previous findings (Harris and Wolbers, 

2012). In the move-to-target (distance estimation) task, both younger and older 

adults were equivalent in tending to underestimate distances, at a rate 

proportional to increasing path length. Both younger and older adults performed 

similarly; age did not impair depth perception, response, error or IIV, suggesting 

that path integration based on kinaesthetic inputs is largely intact in the older 

participants. Comparing performance between conditions as a function of age 

revealed that older adults’ performance was significantly improved when both 

vestibular and proprioceptive information was present. This suggests the 

performance of older adults is highly dependent on the spatial cues available and 

that the integration of vestibular and proprioceptive information can compensate 

for deficits in the vestibular system.    

Distance estimation. The tendency of all participants to underestimate longer 

distances is consistent with much of the literature investigating path integration 

with idiothetic information in healthy ageing (Allen et al., 2004; Adamo et al., 

2012) and solely younger adults (Mittelstaedt and Mittelstaedt, 2001; Sun et al., 

2004; Lappe et al., 2007; 2009; 2011). Interestingly, when only vestibular 

information was present, younger adults were more prone to overestimate 

shorter distances than when kinaesthetic information was present. Commonly, 

adults tend to overestimate short distances in the absence of vision (Loomis et 

al., 1993), although this is generally at distances of under five meters. The 

current study observed this effect over much longer distances (> 14m). As this 

strategy of overestimating shorter distances tended to counterbalance an 

underestimation of longer ones, younger adults were more accurate overall. This 

may therefore be a good strategy for navigation when there is sparse information 
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available; an individual is relatively accurate on average, despite potentially 

inaccurate neural representations during movement through physical space. 

However, when proprioceptive information was available, younger adults did 

not display the same pattern of behaviour, suggesting that proprioception may 

act as the dominant modulator for updating location. In comparison, older 

adults were prone to underestimating all but the shortest distance in the 

vestibular condition. Notably, like with younger participants, this tendency was 

not present when proprioceptive cues were available. It is therefore possible that 

older adults employed a similar strategy to their younger counterparts, but that 

age-related decline to the plasticity of the neural networks involved in spatial 

updating (Rosenzweig and Barnes, 2003) limited their abilities. Whilst the neural 

representations underlying these findings go beyond the scope of the behavioural 

tasks such as those presented here, the current study makes an important 

contribution to the existing literature by directly comparing the role of different 

sensory systems between age groups.  

Proprioception. By directly comparing the constant errors between sensory 

conditions of each age group, I established that older adults benefitted 

significantly more from the presence of proprioceptive cues. One possibility for 

these findings is that proprioceptive cues dominated and were relied upon when 

present, and that this was a more effective way of determining spatial location 

for older adults. In cases of damage to the vestibular system, individuals can 

adapt to rely more heavily on other sensory cues such as proprioceptive 

information in non-navigational contexts (Cutfield et al., 2014). A second 

possibility is that older adults benefitted from enhanced multisensory integration. 

By a phenomenon referred to as inverse effectiveness, as the value of unisensory 

cues decrease, the multisensory gain increases (Stein and Meredith, 1993; 

Wallace et al., 1996; Laurienti et al., 2006). This may be particularly applicable 

in the context of ageing, due to the age-related declines in the unisensory 

processing of cues. To my knowledge, there is currently no empirical evidence of 

enhanced integration in a spatial context, how it has been demonstrated in 

audio-visual reaction time tasks (Laurienti et al., 2006; Peiffer et al., 2007).  The 

phenomenon appears to provide a sound explanation for the findings of the 
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current study. In the unisensory condition – where only vestibular information 

was available – older adults showed a marked impairment in accurately 

estimating distances. Whilst younger adults also made errors, they were small 

and not significantly larger than when proprioceptive cues were available. In 

contrast, older adults performed comparably – indeed slightly more accurately – 

than younger adults when proprioceptive cues were available and presumably 

integrated with vestibular information. These findings provide strong support for 

the hypothesis of enhanced integration and may provide the first evidence of 

enhanced integration in a spatial task.  

Alternatively, information from different sensory inputs is known to be 

integrated in a weighted fashion, where cues perceived as more reliable exert a 

higher influence on behaviour (Ernst and Banks, 2002; Cheng et al., 2007). Older 

adults in the current study may have benefitted from such weighting because of 

their diminished vestibular inputs. Furthermore, Beauchamp et al. (2010) 

suggested a dynamic weighting of connections between early sensory cortices 

and later areas processing multisensory integration may underpin such reliability 

based weighting. The connections can reweight and so can adapt to the available 

information in a given situation, and the quality of that information. This 

mechanism could be important in explaining the observed possible compensating 

for age-induced impairments in the vestibular system of older adults in the 

current study.   

Limitations of the study. Small scale navigation tasks, including the distance 

estimation tasks presented here, rely on up-to-date representations of location for 

which spatial working memory is key. Age-related decline in spatial working 

memory is common (Salthouse, 2010) and was observed in older adults in the 

current study, measured by the Corsi-blocks tapping test. Previous work has 

suggested that diminished working memory is responsible for age-related 

navigational impairments (Gras et al., 2012) and so could be considered as a 

possible explanation for older adults’ diminished performance in the current 

findings. It seems unlikely that spatial working memory was a major factor in 

performance as (a) timings of both conditions a and b were similar, yet there 
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were no age effects in condition b, (b) the depth perception task involved a 

temporal delay between initial viewing of the target and recall, yet there were no 

age-related differences observed and finally, (c) there was no observed difference 

between trials of the same path length presented at different speeds, where there 

would have been a difference in spatial working memory demand. Taken 

together, there is little evidence to suggest that working memory can explain the 

diminished performance of older adults; however, this cannot be definitively 

ruled out.  

Although the move-to-target and distance reproduction tasks were necessarily 

different in nature, it is unlikely that the observed path integration abilities can be 

attributed to the nature of the task (Wan et al., 2010). However, there may have 

been other senses present that were not taken into consideration. I used passive 

motion – a technique used in many path integration studies (Telford et al., 1995; 

Allen et al., 2004; Frissen et al., 2011) – to measure vestibular input. There may 

have been other less prominent input from somatosensory information, such as 

acceleration, air movement and friction of the wheels on the ground. 

Furthermore, acceleration and air resistance may have been present in the 

walking condition along with motor feedback from these senses do not play a 

role in self-motion perception – they but may have contributed to observed 

variability/noise in responses. The method doesn’t provide a way of identifying 

the source of this noise; however, their presence is likely to have been minor, 

consistent and continuous for all participants across the study and therefore 

unlikely to have had an impact on any performance variability. Isolating the 

major sources of observed noise measured would most likely require the task to 

be completed in a virtual reality and brain activity to be monitored by 

neurophysiological measures; however,  this would most probably also prevent 

the use of proprioceptive information altogether, as such recordings would 

require the individual to be motionless.  

In trials where kinaesthetic information was available, the paradigm relied upon 

the assumption that vestibular and proprioceptive information was integrated. 

Whilst this is an assumption made by a great deal of the path integration 
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literature, it is possible that individuals only relied on vestibular or 

proprioceptive cues to estimate distances in each trial. One cue could have 

dominated, or individuals could have alternated between the two either in 

different trials or even multiple times within one trial, but crucially without 

actually integrating cues. However, whilst the current studies cannot confirm 

whether integration took place, it is highly likely given that the neural networks 

involved in spatial location. These networks, namely the firing of head direction, 

grid and place cells, are multisensory and can be influenced by multiple internal 

and external sensory domains. Therefore, it is a reasonable assumption that 

multiple inputs were integrated to form a spatial representation for spatial 

location by my participants. Furthermore, it is widely accepted that path 

integration primarily involves the integration of multiple sensory inputs and 

there is empirical evidence for the integration of vestibular and proprioceptive 

cues during movement along trajectories (Lackner et al, 2005; Frissen et al., 

2011; Campos et al., 2012). Therefore, whilst the current study does not 

explicitly show that integration occurs, it is extremely likely to be the case during 

multisensory trials.  

I was interested in both constant error – measured by the percentage signed error 

across repetitions of the same trial type – and variable error, measured as the IIV 

between repetitions of the same trial type. For trials relying on vestibular 

information, older adults displayed a depression in IIV, but also an increase in 

IIV across distances, suggesting a possible regression towards the mean, as has 

been previously demonstrated by Harris and Wolbers (2012).  To explain their 

findings, they showed older adults had more ‘leak’ in their integration than 

younger adults. Therefore, the vestibular condition of the current study, older 

adults displayed a tendency to regress towards to mean, and therefore I expected 

to find similar results here; however, this was not the case. This is possibly 

because of differences in abilities optic flow vs. the vestibular systems tested in 

the current study. Alternatively, my younger adults tended to overestimate 

shorter distances and underestimate longer ones, whereas old adults 

underestimated all distances. The leaky hypothesis does not adapt well to 

participants over-estimating distances, despite this resulting in better accuracy 
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overall, leaving a flaw in the methods of the hypothesis. I considered expanding 

the hypothesis by fitting an integer to the model (which would alter the height 

but not the gradient of the model), but this would still not solve the lack of 

flexibility the model requires. Furthermore, it is unclear where the source of this 

leak originates from, or how it can be examined in detail, which would 

strengthen the argument for a theory of leaky integration.  

Future directions. In order to assess idiothetic cues in the current chapter, the only 

visual stimulus was a static target viewed during the stimuli phase of each trial, 

i.e. optic flow was eliminated. However, in everyday situations, visual cues are 

usually present, dominant and abundant. Notably, when both idiothetic and 

visual cues available, optic flow tends to be the dominant influence on behaviour 

(Sun et al., 2004; Cheng et al., 2007) and is known to modulate distance 

estimation (Konczak, 1994). It would therefore be interesting to follow-up the 

current study with a similar task that included optic flow abilities. Furthermore, 

such a study would best reflect everyday walking conditions and so would 

provide a highly informative measure of path integration in older adults. 

Secondly, the current study looked at the effects of having multiple cues present, 

and found that older adults may have benefitted from enhanced integration of  

vestibular and proprioceptive cues, but the mechanism and process of integration 

was not investigated. The process of integration is important and has been 

investigated in children (Nardini et al., 2008) and younger adults (Frissen et al., 

2011), but not in older adults. This would be an insightful direction to develop 

the understanding of multisensory integration and ageing. Similarly to the 

current study, the necessary task would include both unisensory and 

multisensory conditions. Importantly, both congruent and incongruent 

information would be presented to assess the relative contributions of each cue, 

and the relative roles of each input in the process of multisensory integration.  
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This chapter set out to investigate how ageing affects linear path integration in 

the real world, using a subset of idiothetic cues. Study 3.1 concluded that ageing 

had little impact on performance. Study 3.2 extended these findings by firstly 

examining the vestibular contributions to path integration and secondly 

measuring any change in performance when proprioceptive cues were made 

available. Findings revealed that older adults were significantly impaired at using 

solely vestibular input to estimate path length, but that this impairment 

disappeared when proprioceptive cues were available. Importantly, older adults 

showed enhanced integration – they improved significantly more than younger 

adults. These findings suggest that multisensory integration can compensate for 

impaired unisensory systems. The possible mechanisms behind this 

compensation are discussed. Overall, this chapter established that older adults 

are generally not impaired in using simple everyday path integration to estimate 

distances, but this is likely to be a result of compensatory strategies in the process 

of multisensory integration, rather than a lack of degeneration in the underlying 

sensory structures.  
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Study 3.1 

 

 

 

 

Statistical result 

 

 

Significance  

Depth Perception Accuracy - effect of target distance  F(5, 150) = 3.01 p = 0.091 

Depth Perception Accuracy - 25% vs. 50% 

displacement  

F(5, 150) = 0.34 p = 0.685 

Depth Perception Accuracy - effect of age F(1,31) = 2.77 p = 0.1915 

      

Error and walking speed, speed  F(1,31) = 0.36 p = 0.457 

Error and walking speed, age F(1,31) = 1.88 p = 0.098 

Error and walking speed, distance F(3.25, 99.81)= 2.44 p = 0.072 

Error and walking speed, interaction F(3.25, 99.81) = 0.12 p = 0.341 

Overall Error for old and young t(31) = 0.29 p = 0.771 

Effect of path length on response F(2.99,92.62) = 534.94 p < 0.001 

Effect of age on response F(1,31) = 0.079 p = 0.781 

Interaction F(2.99,92.62)= 2.35 p = 0.078 

Effect of path length on error F(3.27, 101.61) = 4.34 p = 0.005 

Effect of age on error F(1,31) = 0.002 p = 0.976 

Interaction F(3.27, 101.61) = 3.38 p = 0.018 

Overall variance for old and young t(31) = 1.32 p = 0.1915 

Effect of path length on IIV (response) F(3.44,107.04) = 13.92 p < 0.001 

Effect of age on IIV in response F(1,31) = 6.69 p = 0.023 

Interaction F(3.44,107.04)= 5.50 p = 0.001 

Effect of error on IIV F(5, 155) = 0.45 p = 0.819 
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Effect of age on IIV in error F(1,31) = 1.11 p = 0.302 

Interaction of error on IIV F(5, 155) = 3.45 p = 0.005 

Table 3.1.2. Inferential statistics results. P-values only are reported in the main text. 

 

 

Study 3.2 

Condition A: 3.2.1 

  

 

 

Statistical result 

 

 

Significance  

Error,age and walking speed, 

speed  

F(1,40) = 1.00 p = 0.457 

Error,age and walking speed, 

age 

F(1,40) = 2.67 P = 0.464 

Error, age and walking speed, 

distance 

F(3.33,108.23)= 1.33 p = 0.359 

Error and walking speed, 

interaction 

F(3.33,108.23)= 0.52 p = 0.672 

Overall Error for old and 

young 

t(40) = 3.50 p < 0.001 

Effect of path length on 

response 

F(5, 200) = 346.94 p < 0.001 

Effect of age on response F(1,40) = 13.34 p = 0.001 

Interaction F(5, 200) = 346.94 p = 0.537 

 

Effect of path length on error F(3.69, 147.74) = 57.56 p < 0.001 

Effect of age on error F(1,40) = 15.14 p < 0.001 

Interaction F(3.69, 147.74) = 3.48 p = 0.012 

t-tests of age differences 8m: t(40) = 3.35, p = 0.004; 

11m: t(40 = 3.92, p = 0.002; 

14m: t(40)=3.71, p = 0.0030; 

17m t(40) = 2.36 p = 0.047; 

20m: t(40) = 2.16, p = 0.043; 

23m: t(40)= 3.47, p = 0.004.   
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Effect of path length on IIV 

(response) 

F(3.37,138.28) = 9.04 p < 0.001 

Effect of age on IIV in response F(1,40) = 2.20 p = 0.154 

Interaction F(3.37,138.28)= 0.52 p = 0.692 

Effect of error on IIV F(5, 121.12) = 5.29 p = 0.002 

Effect of age on IIV in error F(1,40) = 4.73 p = 0.030 

Interaction of error on IIV F(5,121.12) = 2.00 p = 0.121 

t-tests of age differences for IIV  8m:t(40) = 2.24, p = 0.031; 11m: 

t(40) = 1.22, p = 0.24; 14m: 

t(40) = 0.26, p = 0.80; 17m t(40) 

= 1.78, p = 0.84; 20m: t(40) = 

0.81, p = 0.42; 23m: t(40) = 

0.90, p = 0.90 

 

variability across trials in 

response distance 

t(40) = 0.65 p = 0.52 

Increase in error across 

distances 

t(40) = 2.75 p = 0.009 

Age difference in gain t(40) = 4.33 p < 0.001* 

Age difference in leak t(40) = 3.74 p < 0.001** 

Table 3.2.2. Inferential statistics results. P-values only are reported in the main text. 

* younger had higher gain. k = 1.55 Vs. k = 1.19 ** younger had higher leak. a = 0.058  Vs. a = 

0.040 
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Study 3.2 

Condition B: 3.2.3 

 Statistical result Significance  

Depth perception accuracy - 

target depth F(5, 150) = 3.12 p = 0.090 

Depth perception accuracy - 

displacement  F(5, 150) = 1.67 p = 0.078 

Effect of age on depth 

perception accuracy F(1,31) = 2.22 p = 0.203 

Interaction  F(5, 150) = 1.95 p = 0.072 

Overall Error for old and young t(40) = 2.20 p = 0.034 

Effect of path length on 

response F(2.50, 99.86) p < 0.001 

Effect of age on response F(1,40) = 4.60 p = 0.038 

Interaction F(2.50, 99.86) = 2.49 p = 0.076 

Effect of path length on error F(3.58, 142.99) = 1.13 p = 0.341 

Effect of age on error F(1,40) = 4.27 p = 0.045 

Interaction F(3.58, 142.99) = 1.47 p = 0.221 

t-tests of age differences in 

error 

8m t(40) = 0.85, p = 0.402; 11m: 

t(40)=2.35, p = 0.144; 14m: 

t(40)=1.89, p = 0.2024; 17m t(40) = 

2.13, p = 0.160; 20m: t(40) = 2.31, p = 

0.146; 23m: t(40)= 1.80, p = 0.2023.   

 Effect of path length on IIV 

(response) F(2.79,111.45) = 8.56 p < 0.001 

Effect of age on IIV in response F(1,40) = 0.63 p = 0.439 

Interaction F(2.79,111.45)= 0.79 p = 0.491 

Effect of error on IIV F(2.90, 116.79) = 0.82 p = 0.497 
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Effect of age on IIV in error F(1,40) = 0.75 p = 0.792 

Interaction of error on IIV F(2.90, 116.79) = 0.47 p = 0.708 

t-tests of age differences for IIV 

on response 

8m:t(40) = 0.815, p = 0.421; 11m: t(40) = 

0.57, p = 0.57; 14m: t(40) = 0.191, p = 

0.85; 17m t(40) = 0.165, p = 0.87; 20m: 

t(40) = 1.02, p = 0.32; 23m: t(40) = 2.057, 

p = 0.284   

Difference in performance over 

the conditions 

 

t(40) = 4.14 p < 0.001 

Table 3.2.3 Inferential statistics results. P-values only are reported in the main text.  
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4.0 Chapter overview 

Path integration is a combination of optic flow, kinaesthetic and vestibular cues 

that compute an up-to-date representation of one’s position within the 

environment during movement. In old age, path integration becomes less 

accurate but how much so is dependent on the navigational cues available. 

Chapter 3 established that age-related degeneration to the vestibular system did 

not affect path integration abilities of older adults when estimating distances 

using kinaesthetic (vestibular + proprioceptive) information. The current chapter 

will extend this work by combining idiothetic and optic flow information to 

establish the effects of ageing on sighted path integration, reflecting everyday 

navigation. Presented with a virtual reality, younger and older adults walked a 

variety of predetermined distances on a treadmill during the stimulus phase and 

reproduced each distance during a response phase. Findings revealed that older 

adults performed more accurately than their younger counterparts and made 

fewer errors overall as younger adults tended to overestimate their estimations of 

path length. Furthermore, analysing variable error revealed that older adults 

were more consistent in their responses. Together, these findings confirm that 

path integration along simple linear trajectories, similar to many everyday 

situations, is not significantly affected by the process of ageing. 
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4.1 Introduction 

In Chapter 3, I found that older adults are able to use path integration to 

estimate linear distances as well as their younger counterparts. However, 

Chapter 3 did not investigate path integration that included visual information, 

such as optic flow. As optic flow is often the dominant sensory input during 

navigation (Cheng et al., 2007), this chapter investigated path integration in 

younger and older adults when optic flow and idiothetic cues were available. By 

asking participants to estimate distances using all the major component senses of 

path integration, I was able to fully assess the effects of ageing on our ability to 

update and track our location in space. 

A second aim of the current study is to measure the variability of participant 

responses, as IIV may reflect neural noise or response uncertainty. The 

intraindividual variability (IIV) or within-subject variance refers to the sum of 

difference between repetitions of the same trial. IIV of performance has been 

shown to increase with advancing age, on tasks of reaction-times (Hultsch, et al., 

2002; MacDonald et al., 2003; Robertson et al., 2006), working memory 

(Vandermorris et al., 2013) and small-scale navigation (Chapter 5 of this thesis). 

Increased IIV may reflect an increase in underlying neural noise which in spatial 

navigation may stem from age-related decline in medial temporal lobe (MTL) 

neural networks - both impairing task performance in older adults. However, the 

evidence for an age-induced increase in IIV on navigation tasks is unclear. One 

recent study (Harris and Wolbers, 2012) found an age increase in IIV was 

dependent on task and available landmarks, and that older adults displayed 

impaired performance through a depressed IIV in distance reproduction trials, 

potentially reflecting a noisier neural representation. Taken together, the precise 

relationship of IIV and performance is currently unknown. To address this issue, 

within-subject variance assessed whether declining neural systems could explain 

the expected performance impairments in older adults in a simple linear path 

integration task.  
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Taken together, the current study provides advancement to those in Chapter 3 

and the current literature, by providing a task which mimics path integration in a 

true-to-life format.  Optic flow, proprioceptive and vestibular cues are all 

presented and can be used in combination in the process of path integration. 

Furthermore, the task reflects average walking paces and distances that are short 

enough to be estimated, but extended beyond distances commonly used in 

current literature. By incorporating longer paths, potential age-related deficits 

can be fully assessed Participants walked and then reproduced distances ranging 

from 6-29m on a treadmill, with a 3D virtual reality providing optic flow 

information.  To prevent participants from estimating travel distance by time, 

walking speed was manipulated and assessed. Essentially, trials were included 

that would assess the role of ageing in performance variability. Taking into 

account findings from the previous chapter and the flaws in studies that have 

investigated optic flow in isolation, I did not expect to find any age-related 

deficits in navigational performance. However, older adults are less likely to 

overshoot shorter distances and more propensity to underestimate longer 

distances. 

 

4.2 Methods   

Details of the methods including environmental and technical set-up, procedures 

and testing orders can be found within the methods; in section 2.6 of Chapter 2. 

However I have included a summarised account of the methods below for your 

ease of reading.  

4.2.1 Participants. Fifty participants (26 younger, aged 20-30 and 24 older, aged 

65-75) gave informed consent and completed the study. All had normal or 

corrected to normal vision (with or exceeding 20:40 vision using a standard 

Snellen chart, and with no colour blindness). Participants were screened for any 

psychological, neurological or physical conditions that would prevent 

participation using a general health questionnaire and for MCI using the MoCA 

test. Initially, 54 participants were brought in for testing. One older participant 
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failed to reach the criteria of scoring 25 or above out of a possible 30 in the 

MoCA and was excluded from further testing. Additionally, two younger 

participants did not follow the procedure, and one older participant experienced 

technical difficulties and so all three were excluded. The study conformed to the 

ethical approval from the Magdeburg University Hospital (des 

Universitätsklinikum Magdeburg). No participants were aware of the hypotheses 

at the time of testing. 

4.2.2 Neuropsychological assessment All included participants completed the  

MWT-B, a multiple-choice vocabulary intelligence test (equivalent to the British 

NART) for crystallised intelligence, and a Corsi-block tapping task for spatial 

working memory. 

4.2.3 Experimental set-up. Testing took place at the German Centre for 

Neurodegenerative Diseases (DZNE) in Magdeburg, Germany. The testing 

environment was a darkened room in which a treadmill was positioned directly 

in front of a projector screen, on which the task was presented. A response 

button was fixed to the treadmill, in comfortable reaching distance of the 

participant (see Figure 2.4a). Visual information simulated a ‘corridor’, 

consisting of an outdoor environment with a tarmac-texture floor and hedge 

textured walls, both of which had been edited to create seamless tiling (Fig 2.4b). 

The visual environment therefore provided optic flow information but no fixed 

reference points and was presented in an anaglyph three-dimensional format to 

enhance the on-screen representation of depth. 

Glasses. All participants wore a pair of anaglyph filter glasses (plastic framed 

resin lenses, opposing colours of red and cyan) or, in the case of those who wore 

corrective glasses, clip on anaglyphic lenses (resin lenses, red and cyan; fixed 

over their glasses) throughout the experiment. 

4.2.4 Procedure. From standing at the centre of the treadmill, the stimuli phase 

required participants to walk a predetermined distance (they were not aware of 

the path length throughout the outbound path), where virtual-reality optic flow 

and actual movement on the treadmill were presented simultaneously, to create 
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forward movement through the environment. The outbound speed was always 

the same (0.83m/s). When the predetermined distance was reached, all forward 

movement ceased and the participant reproduced the distance they had just 

travelled by pressing the response button to restart the simulated and treadmill 

movement. For this response phase, actual movement occurred at one of three 

possible predetermined speeds (0.58m/s, 0.78m/s or 0.97m/s). When the 

participant felt they had reproduced the distance correctly, they pressed the 

response button, all motion ceased, and they proceeded to the next trial.  

 

4.2.5 Testing orders. The experiment was presented in six blocks, with one 

repetition of each distance per block. The order of the trials in each block was 

pseudo-random, as distances always appeared in a different order for each block. 

There were 3 possible response speeds, with each speed being presented twice for 

each distance throughout the experiment. This was also pseudo-random as a 

particular speed/distance combination could only appear once during one block. 

 

4.2.6 Statistical analysis. For each trial the response distance the participant 

walked was recorded and noted as ‘observed distance’. To assess error across 

distances, the signed percentage error was calculated using the outbound, 

‘expected’ and the observed distances, by the Equation:  

(
𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑
) − 1 

To eliminate trials where the participant lost concentration, outliers were defined 

as a value three times the standard deviation from the group mean. Nineteen 

trials (0.9%, 11 younger, 8 older) were identified as outliers and removed from 

further analysis. 
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4.3 Results 

4.3.1 Overview 

As seen from Table 4.1, no older participants showed signs of clinical cognitive 

impairment or diminished intelligence. Older participants scored lower on the 

spatial working memory task than younger participants (p = 0.029) but displayed 

higher levels crystallised intelligence (trend p = 0.052), as is often found in older 

populations (Lovden et al., 2005, Chapters 3 and 5). 

Measuring overall constant error revealed that older adults were more accurate 

in their estimations of distance. Figure 4.1 shows that younger adults were prone 

to overestimating all but the longest distances, whereas older adults were not. 

Furthermore, Figure 4.1 suggests older adults performed more consistently 

(measured by variable error) than their younger counterparts. Analysing constant 

error for each distances confirmed that older adults were indeed more accurate 

than their younger counterparts, which was confirmed by inferential statistics. 

Furthermore, the older group showed less variability in their responses, 

compared with the younger group. Taken together, these findings provide strong 

support for a lack of age-related impairments in path integration when traversing 

linear paths.  

4.3.2 Distance reproduction accuracy. For each trial, the distance the 

participant walked was recorded and the signed percentage error was calculated. 

 Younger (SD) Old (SD) P 

N 26 (13 male) 24 (12 male)  

Mean age 23.96 (2.05) 69.96 (3.46)  

MWT-B IQ 107.60 (13.80) 117.71 (13.31) 0.052 

Corsi Blocks 4.48(1.12) 4.67 (1.05) 0.029 

MoCA  26.67 (2.06) 
 

 

Table 4.1 Subject characteristics and cognitive tests results 
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As illustrated by Figure 4.1, participants were influenced by outward distance (p 

< 0.0016) and adjusted their responses accordingly. A significant main effect of 

distance on signed percentage error (p < 0.001) confirmed accuracy was also 

affected by outward distance. All participants tended to overshoot shorter 

distances but, crucially, older participants tended overshoot and to undershoot 

longer distances (Figures 4.2a, 4.2b). There was no effect of age on outward 

distance (p = 0.064; no interaction p = 0.751), but older adults were more 

accurate in their responses, and therefore there was a main effect of age on 

signed error (p = 0.026; no interaction, p = 0.074). T-tests confirmed a significant 

age difference in signed error for the first three distances only, for which the 

statistics are presented in Table 4.2.  

4.3.3 Variance of responses. Mirroring accuracy, there was a significant main 

effect of variance in responses on path length (p < 0.001) and age (p = 0.046; no 

interaction, p = 0.407). The older group were more consistent in their responses, 

and therefore had lower IIV (Figure 4.2c). After post-hoc holm-bonferroni 

corrections, the difference in IIV remained significant for the first three distances, 

shown in Table 4.2.  

 

  

                                                           
6 Statistics are reported in full in table 4.2 and p-values only are reported in the main text.   
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Figure 4.1 Overall distance walked and variance for each age group. The dashed line (left 

hand chart) notes the perfect average score. Error bars represent standard error of the mean; 

bootstrapping was used to calculate the confidence intervals in each case. 

a) b) c) 

Figure 4.2 a) group mean response for younger and older adults. Data points are the group mean response 

(y) for each outbound distance (x). b) Group signed error for each outbound distance. Error bars as 
before. c) Group standard deviation of responses 
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4.4 Discussion  

This study investigated path integration using optic flow and idiothetic cues in 

younger and older adults. Using immersive virtual reality, participants 

reproduced distances with the sensory systems associated with everyday 

movement. Measuring participants’ response errors revealed that ageing does not 

impair path integration abilities during linear motion.  Furthermore, age did not 

adversely impact upon IIV, as has been found in some previous studies of 

navigation involving optic flow.  

All participants had a tendency to overshoot shorter distances, but older people 

were more prone to underestimating longer paths. Supported by previous path 

integration literature (Allen et al., 2004; Mahmood et al., 2009; Harris and 

Wolbers, 2012; Adamo et al., 2012) these findings demonstrate the typicality of 

the current participant sample, and support the view that age related deficits are 

present in multiple sensory modalities. Importantly, participants in the present 

study used senses that dominate everyday movement. As the available sensory 

modalities greatly influence age-related deficits (Adamo et al., 2012) and 

previous work often restricts which senses are used, the current study establishes 

that age-related impairments found in path integration studies are likely to be 

specific to the subset of cues available.  One of the aims of the current study was 

to investigate path integration over longer distances that previously used in 

distance reproduction tasks that combined vision, vestibular and proprioceptive 

cues (average distance 4.8m). This was done with distances of approximately 

30m. Even at these distances error is relatively small. However previous work 

consistent with the current study using younger (Lappe et al., 2007) and older 

(Mahmood et al., 2009) people used path lengths of up to 104m and found much 

larger error, suggesting that the underestimation of distances seen in the present 

study is representative of age-related deficits in path integration accuracy. 

Could the age difference in error indicate underlying spatial noise? Increased IIV 

has previously been associated with deteriorated performance in non-

navigational and homing tasks, yet Harris and Wolbers (2012) found no support 
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for the association in distance reproduction. Therefore, this current study sought 

to clarify the relationship between IIV and task performance in simple, linear 

movement. However, the results contradicted previous findings as older 

participants were more consistent across trials of the same type than their 

younger counterparts. One possibility for this is that older people have less noisy 

spatial representations. Given the contradictory wealth of literature this 

explanation seems unlikely and it is more possible that the monotonous nature of 

the study caused younger participants to become distracted and disengaged, as 

was noted at the time of testing. Alternatively, previous findings relied solely on 

optic flow (Harris and Wolbers, 2012) whereas the current participants had the 

benefit of additional senses. When multiple sources of information are available, 

adults combine self-motion and visual information to reduce noise and 

uncertainty (Cheng et al., 2007; Nardini et al., 2008; Chapter 5). Both age groups 

in the current study may well have benefitted from such integration. However, 

the relationship between IIV and performance in older people should be clarified 

further with a task designed to retain participants’ focus over multiple repetitions 

of the same trial type. 

Limitations. To collect a sufficient number of repetitions of each distance, the 

task consisted of 48 almost identical trials, with six repetitions of each distance. 

Whilst this number of repetitions produced a reliable dataset that allowed for any 

outliers to be removed without affecting the robustness of the data, it resulted in 

the task being highly repetitive. Therefore, participants – especially in the 

younger group – became bored. Less or diverted attention diminishes 

navigational abilities as place cell firing is sensitive to attentional manipulations 

(Muzzio et al., 2009) and this may have affected the quality of performance 

especially in younger participants. Attentional diversion may go some way to 

explaining the higher variance in responses found in younger adults, where they 

may have had lower levels of concentration. This having been said, one would 

expect attention to drop progressively throughout the experiment, yet the data 

were analysed for order effects and none were found suggesting it was not a 

major factor in performance for either age group. 
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The current study successfully showed that path integration is not sensitive to 

ageing when there is no restriction on the sensory systems used. Whilst this is a 

useful addition to current understanding, the current study does not provide any 

insight into whether this is due to a lack of age-related deficits in optic flow 

processing, or the process of path integration compensating for any potential 

deficits. Given the known decline in optic flow abilities as a consequence of 

ageing and the findings from Chapter 4 the latter argument seems more 

plausible. Therefore, the current study could be extended by examining the 

relative contribution of optic flow to path integration and the potentially 

compensatory nature of path integration. Some trials could have presented 

purely optic flow information during the stimuli phase, so that participants 

reproduced the distance relying on just this sense. Given that diminished optic 

flow abilities are associated with ageing in similar path integration studies it is 

likely an age-related deficit would also be found here. This ‘optic flow’ condition 

would then have been compared with trials where vestibular and proprioceptive 

cues were available during the stimuli phase for each age group.  

Future directions. My findings in Chapter 4 suggest that path integration ability is 

not sensitive to ageing. This may be due to the process of multisensory 

integration of self-motion cues compensating for age-related deficits in 

unisensory systems, such as the vestibular system. However, currently there is no 

navigational literature to support this theory of multisensory integration in older 

adults. Previous non-navigational visual-auditory tasks suggest that ageing alters 

the temporal window of integration (Laurienti et al., 2005) and the amount of 

relevant information that is integrated (Muzzio et al., 2009). Changes to 

multisensory integration as a result of ageing has not been studied in a spatial 

context, yet the systems involved navigation are known to be sensitive to the 

damaging consequences of ageing (Lister and Barnes, 2009; Stranahan and 

Mattson, 2010). For example, multisensory place cells are known to become less 

stable and noisier as the underlying neurons age (Barnes et al., 1997; Burke and 

Barnes, 2006). Therefore, it is likely that the mechanisms of multisensory 

integration have not escaped the deleterious effects of ageing. It has been widely 

accepted that cross-modal sensory cues are integrated in a weighted fashion 
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during navigation (Ernst and Banks, 2002; Cheng et al., 2007; Nardini et al., 

2008), yet this has currently not been investigated within the context of ageing. 

Therefore, the next step for understanding the effects of ageing on multisensory 

integration in navigation is to explore the mechanism behind the integration of 

visual and body-based cues, in older adults.  

 

4.5 Chapter conclusion 

Path integration abilities along simple paths remain intact in old age when there 

are no restrictions on the sensory cues available, despite deficits in the 

contributing sensory systems. Together, the work clarifies seemingly conflicting 

findings in the current path integration literature by highlighting the importance 

of context and available information when assessing age-related changes to path 

integration abilities. Future work should therefore focus on the process of 

integration itself and provide the first evidence for how ageing affects the 

multisensory integration of navigational cues, such as visual and self-motion 

information.   
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 Statistical result Significance  

Overall constant error  t(48) = 2.34 p = 0.024 

Effect of path length on response F2.71,130.1 = 736.26  p < 0.001 

Effect of age on response F1,48 = 3.59 p = 0.064 

Interaction F2.71,130.1 = 0.376 p = 0.751 

Effect of path length on error F4.03, 193.58 = 6.51 p < 0.001 

Effect of age on error F1,48 = 5.25 p = 0.026 

Interaction of age and path length 

on error  

F4.03 = 2.17 p = 0.074 

t-tests of age differences at each 

distance 

6.15m: t48 = 2.96, p = 0.005; 8m: t48 = 2.41, 

p = 0.020; 10.4m: t48 = 2.026, p = 0.048; 

13.52m: t48 = 1.30, p = 0.202; 17.58m: t48 = 

0.91, p = 0.375; 22.85m: t48 = 1.07, p = 

0.299; 29.71m: t48 = 1.37, p = 0.184 

(Holm-

bonferroni 

corrected). 

Effect of path length on IIV F2.38, 114.30 = 17.45 p < 0.001 

Effect of age on IIV F1,48 = 4.19 p = 0.046 

Interaction F2.38 =0.96 p = 0.408 

t-tests of age differences for IIV 6.15m: t48 = 2.95, p = 0.005; 8m: t48 = 1.98, 

p = 0.050; 10.4m: t48 = 2.25, p = 0.029; 

13.52m: t48 = 1.04, p = 0.314; 17.58m: t48 = 

1.29, p = 0.202; 22.85m: t48 = 1.66, p = 

0.101; 29.71m: t48 = 0.742, p = 0.463 

(Holm-

bonferroni 

corrected). 

Correlation of working memory 

and error 

Younger: 6.15m: r = 0.086, p = 0.702; 8m: 

r = 0.19, p = 0.381; 10.4m: r = 0.09, p = 

0.68; 13.52m: r = 0.38, p = 0.0822; 

17.58m: r = 0.284, p = 0.197; 22.85m: r = 

0.24, p = 0.277; 29.71m: r = 0.02, p = 

0.926. Older: 6.15m: r = 0.08, p = 0.694; 

8m: r = -0.14, p = 0.517; 10.4m: r = -0.24, 

p = 0.262; 13.52m: r = -0.04, p = 0.852; 

17.58m: r = 0.17, p = 0.425; 22.85m: r = -

0.11, p = 0.587; 29.71m: r = -0.04, p = 

0.845 

There was no 

significant 

correlation 

between 

working 

memory 

score and 

performance 

for any 

comparison. 

Table 4.2. Inferential statistics results. P-values only are reported in the main text. 
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5.0 Chapter Overview 

The previous chapters were primarily concerned with the components that make 

up self-motion. The following chapters focus on how these components are 

integrated. Internally generated path integration systems are used to constantly 

monitor and update a navigator’s position and orientation in the environment. 

When available, external cues also provide important information about the 

individual’s whereabouts and are used to navigate their environment. Naturally 

all sources of information – internal or external – are associated with a degree of 

noise and uncertainty and errors can be made and can accumulate. Furthermore, 

it is possible that one or more sources provide conflicting information. Therefore, 

the best option for the navigator is to integrate internally generated and 

externally perceived sources to lower error, noise and uncertainty (Ernst and 

Banks, 2002; Cheng et al., 2007). Younger adults do this in a statistically optimal 

manner, weighing up the perceived reliability of each cue during integration 

which determines the influence each cue has on behaviour (Cheng et al., 2007; 

Nardini et al., 2008; Chen and McNamara, 2014). However, the role of ageing in 

such integration during navigation has not yet been explored. Therefore, I 

focussed on establishing how ageing impacts the mechanisms of multisensory 

integration during navigation, specifically whether old age impaired adults’ 

ability to optimally combine information sources. Using a homing task adapted 
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from Nardini et al. (2008), I measured younger and older participants’ perceived 

reliability of internally generated self-motion and externally perceived visual 

landmark information, and the influence (weighting) each cue had during 

integration.  

A dark room paradigm (Nardini et al., 2008) was set up for Study 5.1. Visual 

landmarks were presented and participants were required to use these and/or 

self-motion information to return to the location of a previously visited target. 

The landmarks and self-motion information were usually congruent; however, a 

subset of trials included incongruent information, achieved by a covert 

displacement of the landmarks on the return journey. This allowed me to assess 

the relative contributions of each sensory input to computing locational 

estimates. Self-motion and landmarks were also tested separately in a subset of 

unimodal trials to assess their reliability. By using the unisensory trials to predict 

behaviour in multisensory trials, and incongruent trials to measure relative cue 

weighting, I assessed whether younger and older adults optimally combined cue, 

according to the rules of Bayesian integration. Results from Study 5.1 revealed 

that older adults performed less accurately overall, compared with younger 

adults. Both younger and older adults integrated information to reduce error and 

uncertainty, but this was not optimal for either group. The landmarks were the 

most reliable single cue for younger adults, and self-motion was most reliable for 

older adults; however, this was not reflected in the relative weightings assigned 

to each cue during integration. One possible explanation is that the task required 

adults to bend down, breaking optic flow and visual inputs. Furthermore, 

balance problems may have played a role in the performance deficits of older 

adults. 

To investigate my conclusions from Study 5.1, I adapted the paradigm used in 

Study 5.1 (which was adapted from Nardini et al., 2008) for Study 5.2 and 

introduced a subset of trials that were performed with a balance aid (a walking 

frame). Findings revealed that balance did not influence task performance, but 

older adults were still less accurate overall, which appeared to be driven by 

increased noise in the underlying spatial representations. Both groups integrated 
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cues optimally to reduce error and uncertainty. However, older adults did not 

optimally weight cues by their perceived reliability because they did not put 

enough influence on visual input, suggesting that integration abilities do decline 

as a result of ageing.  
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5.1.1 Introduction 

To localise themselves in space, mammals (including humans) integrate the 

information provided by different sensory cues. These cues are typically divided 

into two categories: internally generated idiothetic or self-motion cues, and 

external information such as visual or auditory landmarks. Each of these 

information sources is inherently associated with a level of noise of uncertainty 

(Cheng et al., 2007) and so the key challenge for any navigator is how to best 

combine this information. There is a growing body of research that suggests 

mammals and humans integrate information in a weighted fashion, where cues 

perceived as more reliable exert a higher influence on behaviour (Alyan and 

Jander, 1994; Etienne et al. 1990; Etienne et al., 1996; Cheng et al., 2006; Knight 

et al., 2014). Furthermore, spatial studies with human participants also suggest 

that adults integrate in this manner (Nardini et al., Petrini et al., 2014; Chen and 

McNamara, 2014). Importantly, these human studies provide us not only with 

the knowledge that information is integrated, but also about how different cues 

influence behaviour, and the principles that may govern such integration.   

Bayesian integration hypothesises that the navigator integrates independent 

sources of information – such as self-motion and visual landmarks – based on the 

reliability of each cue, where reliability refers to the inverse proportion of 

response variances. Crucially, when two sources of information are combined 

with linear weights in relation to their reliabilities, the combined estimate should 
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be a weighted average of the two and less variable that either single cue. For a 

detailed explanation of the mathematics, please refer to section 1.3.2 of Chapter 

1. 

Spatial navigation becomes less accurate in old age (Allen et al., 2004; Harris 

and Wolbers, 2012; Adamo et al., 2012), and older adults are less able to update 

spatial locations over long distances (Mahmood et al., 2009). However, how 

ageing affects the precise mechanisms underlying these deficits is currently 

unclear. Age-related loss of D2 receptors and dopamine transporters in the 

dopaminergic system have been associated with amplified noise in neural firing 

(Li et al., 2001) and less accurate neural representations, which leads to less 

precise performance (Li et al., 2004). Further, aged hippocampal neurons cause 

place cell firing fields to become less reliable and are associated with more noise 

(Barnes et al., 1997; Burke and Barnes, 2006). It is likely that deficits to these 

spatial networks underpin behavioural deficits, and that increased signal noise in 

networks drives many age related navigational decline. However, despite 

systems involved in spatial navigation being sensitive to the deleterious effects of 

human ageing, the association of age-related spatial variability and performance 

has not been previously explored. 

Many researchers have highlighted the vulnerability of the medial temporal lobe 

to the degenerating consequences of ageing (Raz et al., 2004; Sullivan et al., 

2005; Moffat et al., 2006; Moffat, 2009). Specifically, the EC and hippocampus 

could be sensitive to increased neural noise (Lister and Barnes, 2009; Stranahan 

and Mattson, 2010), compromising the precision of location estimates, based on 

sensory inputs. Additionally, age-related atrophy of the retrosplenial cortex (and 

presumably therefore to head direction cells) has damaging effects on spatial 

learning and abilities (Moffat et al., 2006; van Groen et al., 2004).  As the cells 

responsible for the processing of spatial information described above are 

multisensory, increased neural noise may be vital to understanding the potential 

age-related navigational impairments in multisensory integration. Age-related 

changes in multisensory integration are well documented in non-navigational 

tasks (i.e. audio-visual tasks, see Laurienti et al., 2006; Hugenschmidt et al., 
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2009) but, to my knowledge, there are currently no investigations age-related 

changes to multisensory integration of spatial information, during navigation.   

Therefore, the current study set out to establish how ageing changes the way 

visual and self-motion cues are integrated during navigation. Using a homing 

task, younger and older participants navigated through a dark environment 

based on visual landmarks (LM), self-motion cues (SM) or a combination of 

both (Figure 5.1.1a). In some trials, a conflict between landmark and self-motion 

information was created by covertly displacing the landmarks. By measuring 

participants’ accuracy and also their response variability, I was able to assess (a) 

the relative reliability of each information source, (b) the benefit of combining 

these information sources and (c) the relative weighting of each  cue and whether 

this weighting was optimal by the principles of Bayesian integration. To assess 

whether older adults show impaired cue integration behaviour, both groups’ 

performance was compared with predictions of cue integration vs. cue 

alternation models.  

 

5.1.2 Methods 

5.1.2.1 Testing space. The main testing room was a large, empty, blacked-out 

room, described in section 2.7.1.1 of Chapter 2 (methods). Consent was given 

and neuropsychological assessments completed in the small administration 

office, before participants began the main task (see Figure 2.5). The small office 

was also used as a resting space for participants between testing blocks. As 

participants began the experiment in the small office and it was important they 

did not see the main testing environment before the main spatial task, they were 

initially led across the main testing area and into the small office blindfolded. 

5.1.2.2 Landmarks. Landmarks were LED arrays, in the shapes and colours of a 

purple ‘moon’, a green ‘lightning bolt’ and a blue ‘heart’. The positions and 

specifics of the landmarks are as described in section 2.7.1.3 of Chapter 2. 

Although only three landmarks (one of each shape) were illuminated at any one 

time, each landmark had a duplicate which was placed as a rotation of 15° about 
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the central location. By turning off the first set of landmarks and illuminating the 

second, the landmarks could be made to appear to “rotate” by 15°. The position 

and angle of the duplicate landmarks were such that only rotation, and no 

translation, occurred. 

5.1.2.3 Targets. The configuration of targets is explained in section 2.7.2.1 of 

Chapter 2. Position arrangement A was used. There were six possible target 

locations; 15, 33 or 55° to the right and left of the centre of the room. The targets 

were marked by illuminated rubber balls, which were green, red and blue for 

Targets 1, 2 and 3 respectively. 

5.1.2.4 Dark glasses. Participants also wore dark glasses throughout the main 

task to prevent them from seeing the room’s features with any reflections/extra 

light from the lit landmarks and targets. 

5.1.2.5 Participant characteristics. Forty-one (41) participants were tested. 

Twenty-three (23) younger adults (mean age 21.44 years, 10 male) and eighteen 

(18) older adults (mean age 69.31 years, 8 male) were recruited from the 

Edinburgh University community and a volunteer database respectively. All 

participants gave written informed consent to take part in the study and they 

were reimbursed for their time.  

5.1.2.6 Neuropsychological assessment. Prior to the main task, all participants 

completed a MHQ (Appendix 2.2) and Beck’s depression inventory. All 

participants were also required to pass a MoCA test (Appendix 2.1). I did not 

expect any younger participants to fail this assessment but all participants were 

tested to investigate its suitability for the experiment. Finally, participants were 

required to demonstrate at least 20/40 vision (half the ‘normal’ acuity) using a 

standard Snellen chart.  

5.1.2.7 Procedure. Procedure A was used for this study, detailed in section 

2.7.3.1 of Chapter 2. Participants began each trial from the start line and visited 

Targets 1, 2 and 3 in order, momentarily pausing in front of each one with their 

feet together before picking up the target marker and placing it in a bag they had 

been previously given. On reaching Target 3, participants faced away from the 
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landmarks, which were extinguished. The Experimenter counted down from ten 

(for 10 seconds). During self-motion, multiple-cue and conflict trials, participants 

remained stationary during the 10 seconds. For landmark trials, participants 

were disorientated by being turned quickly in a rotating chair. After rotation, 

participants were asked to point to the ‘thunderbolt’ and were rotated for a 

further 5 seconds to ensure they were fully disorientated if their answer was 

correct within 7.5° either side of the landmark. Once the Experimenter was 

satisfied disorientation had been achieved, the participants were reoriented to 

face the thunderbolt landmark. For conflict trials, landmarks were covertly 

‘rotated’ by 15° during the 10 seconds countdown. For all trials, participants 

were then asked to return to the location of Target 1 and place the bag 

containing the target markers directly onto floor where Target 1 had been 

collected from.  

5.1.2.8 Design. A total of 24 trials were blocked into 4, by condition; unimodal 

trials where visual landmarks (LM) or self-motion (SM) cues were solely relied 

upon, or multiple-cue (MC) trials, where both visual landmarks and self-motion 

information was available and could be used to compute a response. In the 

fourth condition (conflict), incongruent visual and self-motion information was 

presented during the response phase of the trial by ‘rotating’ the landmarks by 

15°after the outbound phase, but before the response, during the 10 seconds 

countdown.  

5.1.2.9 Preparation of data. One older participant noticed the rotation of 

landmarks and was therefore excluded from the analysis. Therefore, analysis was 

performed with twenty-three younger participants and eighteen older 

participants. For each trial, the distance the participant walked (noted as distance 

walked) was recorded and the error – the distance between the participant’s 

response location and the correct location of Target 1 – was calculated. The error 

angle was also determined for each trial and taken as the angle between the 

estimated location of Target 1 and the actual location; where Target 3 is the 

apex.  
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Participant Characteristics  Young Older Significance 

N (males) 23 (10) 19 (8)  

Mean age (SD) 21.44 (2.85) 69.31 (6.63)  

Education Level (SD) 3.00 (0.00) 2.75 (0.46) p = 0.445 

MoCA score (SD) 27.38 (2.33) 27.06 (1.75) p = 0.236 

Depression score (SD) 4.38 (6.62) 2.87 (3.17) p = 0.246 
Table 5.1.1 Participant characteristics for Study 5.1 

 
 

5.1.2.10 Outliers. A minority of trials, where the participant presumably lost 

concentration, were identified as outliers using outlier removal method B 

(section 2.7.5.3 of Chapter 2): any value above or below the third quartile plus 

three times the interquartile range. In total, eight trials (0.81% of all trials, three 

(3) from the younger group and five (5) from the older) were excluded as 

outliers.  

 

5.1.3 Results. 

5.1.3.1 Overview. No participants reported any signs of cognitive impairment. 

There was no in-group effect of age for older participants, so they were 

considered as one group. Overall, older adults made more error in their 

responses, which appeared to be a result of underlying noise (Figure 5.1.1c). 

Both groups integrated landmark and self-motion information in line with 

Bayesian predictions of optimal integration to reduce their response uncertainty, 

but this was not optimal for either group, as neither younger or older adults 

placed as much influence on landmarks as predicted by their performance in 

unimodal trials. 

5.1.3.2 Neuropsychological assessment. Participant characteristics are 

summarised in Table 5.1.1. None of the participants reported any health 

concerns, and all participants made the inclusion criteria for the MoCA. There 

was very little difference between age groups on education received, the MoCA 

test score or levels of depression (Table 5.1.1).  
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 5.1.3.3 Age differences within older adults. Despite the larger range of ages 

within my Older adults, there was no effect of age on group homogeneity (t(39) 

= 1.77, p = 0.083)7. However, as the ageing process is likely to occur within the 

range of my participants’ ages, it is possible that there was an effect of age on 

performance within my older adults. Therefore, it was important to assess 

whether the older adults could be divided further into subgroups of ‘young-old’ 

and ‘older-old’ based on age and performance. However, there was little 

correlation of age and performance accuracy for all conditions (LM: p = 0.585, 

SM: p = 0.592, MC: p = 0.722), suggesting that age within my older group did 

not influence performance accuracy. Therefore the older age group was not 

subdivided and the entire range of ages considered as one group.  

5.1.3.4 Detection of conflict trials. Of forty-one participants tested, none 

reported awareness of the 15° landmark rotation during conflict trials. Therefore, 

as expected, participants’ performance during conflict and multiple-cue trials did 

not significantly differ in terms of variance (Young: p = 0.345; Older: p = 0.301). 

There was a slight increase in error, which is expected (given the incongruity of 

LM/SM cues provided a 45cm displacement), and this was not significant 

(Young: p = 0.080; Older: p = 0.512).  It is therefore unlikely that any 

participants detected a difference between conflict and multiple-cue trials. 

5.1.3.5 Mean performance. Root mean squared errors (providing a mean 

distance error per condition per participant) were used to quantify overall 

accuracy. Which cues were available to compute a response location 

significantly impacted performance accuracy for both age groups (p = 0.003, no 

interaction of condition and age p = 0.056). As integration occurs to improve the 

animals’ accuracy and reduce spatial errors, a reduction of errors in trials where 

both landmark and self-motion information were available, compared with the 

most accurate single cue, and suggests integration of these senses. For younger 

adults, the most accurate single cue was the landmarks, for older adults it was 

                                                           
7
 To keep the flow for the reader, subsequent statistics have the significance (p value) only 

reported in the text. However, full statistics for each test are reported in Table 5.1.2. 
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Figure 5.1.1 Performance and Noise a) Group root mean squared errors (RMSE ± SEM) of 

relocation errors per condition (landmarks (LM), self-motion (SM) and both (Multiple-cues). b) 

Group mean Standard Deviation (SD) for mean responses per condition. c) Scatterplot 

showing target replacement error (RMSE) and variance for each participant. Each participants’ 
mean score for each trial type is represented for each condition. 

self-motion. In multisensory trials, there was no significant reduction of error for 

younger participants (p = 0.417) but there was for older adults (p = 0.013).  

It is important to consider what could drive the overall performance deficits, seen 

in these older adults. Participants’ RMSE, illustrated in Figure 5.1.1a, is a 

combination of 2 sources of error; a ‘constant error’– such as a tendency to under 

or overshoot – and a ‘variable error’ – the scattering of responses, reflecting an 

uncertainty about the return location. Figure 5.1.1 depicts the difference between 

these two sources of error: the constant error measured by the RMSE (x-axis) 

and the probability density, which is the inverse of the variable error (y-axis). As 

constant error is independent of condition, it is the variable error – or noise and 
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uncertainty – that is reduced with integration. 

Figure 5.1.1b exhibits that older adults showed a higher variance of their 

responses across all conditions, which was confirmed with a repeated measures 

ANOVA (p < 0.001). Older adults were less consistent irrespective of condition 

(p = 0.102; no interaction of age and condition, p = 0.141). Could the age-related 

deficit in performance therefore be driven by greater uncertainty of responses? As 

shown in Figure 5.1.1c, both age groups showed a strong relationship between 

RMSE scores and response variance in all conditions (all tests: p < 0.001. Table 

5.1.1). This suggests that deficits in the accuracy of performance seen in older 

participants are related to a higher uncertainty when trying to remember the 

location they had visited during the outbound path. 

 

5.1.3.6 Integration of visual landmarks and self-motion cues. By the rules of 

Bayesian optimal integration, there should be higher performance accuracy in 

MC trials (relative to LM/SM trials), and a reduction in response variability. 

Figure 5.1.1b suggests that variability was reduced when multiple trials were 

present; however, the effect was not significant (p = 0.102). Therefore, there was 

no significant reduction noise between the single most reliable cue and MC trials 

for either age group (Young: p = 0.739; Older: p = 0.287).  

During conflict trials landmarks were covertly rotated by 15° after the outbound 

phase and before the participants returned to the location of Target 1. Sole 

reliance on either landmarks or self-motion therefore predicted two different 

response locations, allowing me to determine the extent to which participants 

relied on each cue. If an individual was relying solely on self-motion 

information, their optimal response would be the outbound phase location of 

Target 1, if they relied upon landmarks alone their optimal response would be 

the new, rotated, location of Target 1 and – by the rules of Bayes – a weighted 

integration of information would result in the response being somewhere 

between the other two locations.  
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As outlined in detail in section 2.7.2 of Chapter 2, the model of Bayesian optimal 

integration predicts two behaviours: (a) Integration behaviour - self-motion and 

landmark estimates are integrated in a weighted average with higher weights 

given to the cue, which produces lower response variability in single cue trials 

(SM or LM), (b) Alternation behaviour - participants do not integrate the cues 

but use one or other of the single cues in isolation for any given trial. The 

distribution of responses is therefore some mixture (Titterington, Smith and 

Makov, 1985) of the SM and LM distributions but, crucially, there is no 

integration of cues when computing a response. Both models predict a 

relationship between cue weighting and response variance as shown in Figure 

5.1.2. 

Performance was measured against the predictions of both the integration and 

alternation models. For both groups response variability differed significantly 

from the predictions of the alternation model (Young: p < 0.001; Older: p < 

0.001) and were consistent with those of the integration model (Young: p = 0.64; 

Older: p = 0.067). As inferential statistics (such as a t-test) cannot be used to 

prove a null hypothesis (no significant difference between observed response 

variance and the predictions of the integration model), JZS Bayes Factors were 

calculated for each group, which confirmed Bayes optimal integration (Young: 

Factor = 5.62, Older: Factor = 1.05). 

In addition to variance reduction, optimal integration was assessed by 

comparing the empirical weighting given to landmark and self-motion cues and 

the optimal weighting, predicted by Bayes optimal integration (derived from 

performance variance using solely LM/SM cues). In the conflict trials, the given 

weighting was 0.61 for younger participants and 0.57 for older participants. This 

was not optimal for either group (Young: p <0.001, Older: p <0.001).  
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5.1.3.7 Summary. Both age groups showed an increased during trials where 

multiple cues could be used to compute a response. Overall, older participants 

were significantly less accurate – with a higher response variance – across all 

conditions. As performance error was found to be closely related to response 

variance, it is likely that this age-related performance decline is driven by an 

increase in an underlying noise or uncertainty. Both younger and older 

participants demonstrated a reduction in variance during conflict trials, which 

was consistent with Bayes optimal integration behaviour. Both groups therefore 

behaved in a manner consistent with integrating weighted averages of cues, 

based on the perceived reliability of that cue, but their weighting was suboptimal. 

In both cases, less weighting was placed on self-motion cues than was best.  

  

Figure 5.1.2 Model Predictions vs. Behavior in the Conflict Condition. The curves plot the 

means of functions predicting mean SDs from different landmark weights (integration model) 

or landmark probabilities (alternation model). The x-axes correspond to progressively greater 

reliance on landmarks from 0 to 1. The points represent the observed mean SDs and mean 

relative proximities to the landmark-consistent locations, interpreted as landmark weight 

(integration model) or landmark probability (alternation model). 

 

Younger     Older 
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5.1.4 Discussion 

Older adults performed less accurately across all conditions and showed a higher 

response variance, suggesting that underlying spatial representations are noisier. 

In trials where both landmark and self-motion information were available on the 

return path, older adults showed a significant reduction in error and both groups 

showed a trend in reduction of response variance. Importantly, both groups were 

consistent with the predictions made by the Bayesian model of integration, 

demonstrating efficient integration of visual and self-motion information. An 

incongruity between landmark and self-motion information revealed that both 

groups’ weighting of cues differed from predictions of optimal Bayesian 

integration, suggesting the integration of cues was not ideally efficient.  

Older adults performed less accurately and less consistently independent of 

condition, suggesting a higher order deficit in spatial processing. As error and 

variability were highly correlated, one possible explanation for this overall deficit 

is a greater presence of noise in the underlying spatial representations. As this 

has been seen in non-navigational domains such as reaction times (Hultsch et al., 

2002), and as the neural networks underpinning spatial representations are 

known to become noisier in ageing rodents (Barnes et al., 1997; Li et al., 2001), 

it is likely that age-induced degeneration of neural representations manifests as 

impaired spatial accuracy. Another possible explanation for the overall decline 

seen in the older adults is that of working memory deficits, common in older age. 

Many studies of navigation have demonstrated deficient working memory 

impairs performance accuracy (Moffat and Resnick, 2002, Driscoll et al. 2005; 

Deshmukh et al. 2009) and, furthermore, working memory is known to diminish 

with increasing age (Vandermorris et al., 2010). These findings are derived from 

tasks which require longer periods of working memory than the current study. 

For example, information is learned in the associative memory tasks used by 

Vandermorris et al. (2010) at least 2 ½ minutes before recall begins (as described 

by Troyer et al., 2010) but trials in the current study were completed in around a 

minute. However, working memory may influence the performance of older 

adults in the current spatial working memory task and, whilst profound working 
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memory deficits were screened as part of the MoCA test, a more thorough 

assessment of working memory abilities would be beneficial to future studies.   

A third possibility for consideration is that less stable balance, a common 

problem in older adults, diverted older participants’ attention away from 

processing spatial cues to help maintain posture. Balance during locomotion is 

known to be demanding of cognitive resources such as attention older adults 

(Brown, 1999) which is associated with poorer navigational performance in older 

people (Lövden et al., 2005). Providing a balance aid, such as a handrail, during 

navigation tasks has been found to improve performance (Lövden et al., 2005), 

suggesting the attentional demands of maintaining balance impede on spatial 

accuracy. In the current study, the physical exertion of bending down to retrieve 

the target may have further impaired performance in trials that relied on 

attention to information from visual landmarks. The paradigm’s method should 

therefore be extended to take the consideration of attentional and physical load 

on balance and postural stability into account. This could be done in two ways; 

(a) by decreasing the demand of maintaining balance and upright posture by 

marking targets in such a way that the participant is not required to greatly alter 

their pose (i.e. not have to bend down) and (b) by assessing the potential role of 

balance and the consequential attentional diversions by incorporating an element 

of postural support into a proportion of trials. If balance deficits are indeed an 

influence on navigational ability and integration of spatial cues, older adults’ 

performance accuracy and variability should improve/stabilise in trials with 

postural support. 

Older adults were the least accurate when navigating with only visual 

landmarks, possibly because they did not attend to the visual landmarks as much 

as to self-motion cues during trials. Full utilisation of the visual input relied on 

the participant keeping the landmarks in their field of vision throughout the trial. 

However, participants were required to collect targets from the floor, which may 

have led them to concentrate their field of vision downwards, instead of towards 

the landmarks. As older adults tend to look at the floor during navigation 

(Anderson et al., 1998), it is possible this impaired the quality of visual input, 
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suggesting a higher weighting should have been given to self-motion 

information, consistent with previous distance estimation work (Campos et al., 

2010). However, visual information exerted the stronger influence on behaviour 

than was optimal during conflict trials for both groups, with landmark 

proximities being weighted at 0.61 for younger adults and 0.57 for older adults, 

similar to the weighting assigned by Nardini et al.’s younger adults (0.58). For 

older adults especially, there is juxtaposition from the predictions of the Bayesian 

model, based on LM/SM only cues, the influence of landmark information 

during conflict trials, and findings that a weighting of 0.58 is optimal in previous 

studies. What could be the cause of this suboptimal behaviour? Possibly older 

adults are suboptimal at integrating cues based on their perceived reliability, as 

studies of audio-visual integration suggest (Laurienti et al., 2006; Hugenschmidt 

et al., 2009). 

Conclusion. I successfully developed a paradigm to (a) assess the overall 

differences in accuracy as a function of age (b) establish the optimality of error 

and variance reduction through integration of cues in older adults (c) explore the 

optimality of integrating cues by their perceived reliability. The results provide 

the first evidence for age-related deficits with the integration of different 

navigational cues, which may be driven by increased noise in spatial 

representations. Even though both groups integrated visual and self-motion 

information to become more accurate and precise, neither group of adults placed 

as much influence on self-motion information as would have been optimal. 

These findings are likely to be the cause of age-related degeneration in the 

underlying spatial networks. However, determining the influence of spatial 

working memory and attentional impairments from less stable postural balance 

requires further investigation. Importantly, the specific contributions of these 

factors to overall performance and integration impairments may be key in 

understanding the more general navigational difficulties experienced by older 

adults. 
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5.2.1 Introduction 

Study 5.1 established that younger and older adults integrate self-motion and 

visual landmarks, based on their relative reliabilities, to produce locational 

estimates with minimum variance, in line with predictions of Bayesian 

integration (Deneve and Pouget, 2004; Cheng et al., 2007). However, as outlined 

in the Discussion of Experiment 1, the paradigm can be extended and improved 

upon to further investigate the effects of ageing on the weighted integration of 

idiothetic and external information. Therefore, the current experiment was 

designed to assess these extensions.   

In old age, deficits with sensory processing, with the ability to integrate 

information and issue motor commands, and a loss of musculoskeletal function 

all contribute to decreased stability, problems with postural control and an 

increased occurrence of falls (Konrad et al., 1999). It is possible that this was a 

contributing factor to the age-related deficits seen in Study 5.1 of this Chapter. 

Such sensorimotor deficits are typical in non-pathological ageing and can present 

subliminally in clinically healthy older adults (Barbieri et al., 2013; Kanekar and 

Aruin, 2014), impairing navigational functioning by diverting attention away 

from processing spatial cues. Older adults who do not display clinical/obvious 

balance deficits may therefore still benefit from postural support in spatial tasks 

(Lövden et al., 2005). On the neuronal level, the diversion of attention could 

reduce the precision of location coding in the place cell system, because the 
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stability of place cell firing is sensitive to attentional manipulations (Muzzio et 

al., 2009).  

It is currently unknown whether integration of navigational cues is deficient in 

older adults and how the processing of these cues is affected by potential balance 

deficits. To address these questions, the current study investigated how ageing 

changes the way visual and self-motion cues are integrated during the homing 

task developed in Study 5.1 of this Chapter. In the same darkened environment, 

younger and older participants navigated based on visual landmarks (LM), self-

motion cues (SM) or a combination of both, with and without support from a 

walking frame. Measuring participants’ accuracy at returning to a previously 

visited location allowed me to assess (a) the reliability of individual cues, (b) the 

benefit of having multiple cues available and (c) the relative weighting of each 

cue in a condition in which the landmarks were covertly displaced to induce a 

spatial conflict. Comparing both groups’ performance to the predictions of cue 

integration vs. cue alternation models assessed whether older adults show 

impaired cue integration behaviour. Further, if age-related balance deficits in 

healthy older adults affect the precision of navigational computations, providing 

a balance aid should improve navigational accuracy in older adults. 

 

5.2.2  Methods 

5.2.2.1 Participants. 48 participants (24 younger, aged 19-23 and 24 older, aged 

60-82) were recruited from the University of Edinburgh and from a volunteer 

database or the Edinburgh community respectively. All participants gave 

informed consent to participate as approved by the University of Edinburgh 

Psychology Research Ethics Committee and were reimbursed £10 for their time. 

Older participants were screened for MCI using the MoCA (Nasreddine et al., 

2005). All participants were also required to pass a MoCA, by scoring above the 

cut-off value of 25 out of a possible 30. Two older participants failed to reach the 

criteria of scoring 26 or above out of a possible 30 in the MoCA and were 

excluded from further testing.  
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5.2.2.2 Health and eyesight. Participants were asked to complete a MHQ 

(Appendix 2.2), detailing any history of any injuries, diseases and/or conditions 

that may impede their participation in the study. All participants were asked to 

report any visual aids (such as corrective contact lenses or glasses) they were 

using at the time of testing and they demonstrated that they had normal or 

corrected to normal vision (with or exceeding 20:40 vision using a standard 

Snellen chart). There was an opportunity for participants to add any other 

information they felt relevant. No participants reported any health concerns, and 

the eyesight tests were all satisfactorily recent. 

Therefore, 46 participants (22 older (11 male) 24 younger (12 male)) completed 

the study. No participants were aware of the hypotheses or of the covert rotation 

of landmarks at the time of testing.  

5.2.2.3 Neuropsychological assessment. All included participants completed 

the NART (NART) for crystallized intelligence and Corsi-block tapping test for 

spatial working memory. As the study focussed on potential subliminal balance 

problems in older adults and not clinical deficits, participants were screened for 

any acute balance disorders by completing the Berg’s Balance Scale and the 

Timed Up and Go (TUG) Test for functional mobility. Results from all tests are 

shown in Table 5.2.1.  

5.2.2.4 Testing space. The main testing room was a large, empty, blacked-out 

room, described in section 2.7.1.1 of Chapter 2, with pre-testing consent and 

neuropsychological assessments completed in the small administration office. 

The same office was also used as a resting space between trial blocks.  

5.2.2.5 Landmarks. Landmarks were LED arrays, in the shapes and colours of a 

purple ‘moon’, a green ‘lightning bolt’ and a blue ‘heart’. The positions and 

specifics of the landmarks are as described in section 2.7.1.3 of Chapter 2. 

Although only three landmarks (one of each shape) were illuminated at any one 

time, each landmark had a duplicate which was placed as a rotation of 15° about 

the central location. By turning off the first set of landmarks and illuminating the 

second, the landmarks could be made to appear to “rotate” by 15°. The position 
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and angle of the duplicate landmarks were such that only rotation, and no 

translation, occurred. 

5.2.2.6 Targets. Position arrangement B was used for the target configuration. 

Target 3 was always in the centre of the room. For Targets 1 and 2, there were 

six possible locations; 15 or 45°to the right and left of the centre of the room, as 

described in section 2.7.2.2 of Chapter 2. The targets were marked by 

illuminated rubber discs, which were green, red and blue for targets 1, 2 and 3 

respectively. 

5.2.2.7 Walking frame. Participants used a standard, height adjustable walking 

frame as a balance aid for 50% of the trials. Training was given prior to entering 

the testing environment by completing a walk with the balance aid of 10m in a 

straight line, stopping, turning and retracing their steps. No participants took the 

offered opportunity for further practice. 

5.2.2.8 Procedure. Procedure B was used for this study, detailed in section 

2.6.3.2 of Chapter 2. Participants began each trial from the start location and 

were given the walking frame as a balance aid if it was required for that trial. 

Participants visited targets 1 and 2 (marked by LED discs) in order, momentarily 

standing on each one, and then moved to stand directly in front of Target 3, 

facing the start line – facing away from the landmarks. The location of Target 3 

was illuminated by a blue LED around the experimenter’s neck (who was 

standing directly behind the location of Target 3). Once the participant was 

standing on top of Target 3, the landmarks were extinguished and the 

Experimenter counted down from 10. 

Participants then returned to the location of Target 1 (the target marker disc had 

been removed along with the marker for Target 2). During SM, multiple-cue and 

conflict trials, participants simply remained standing at Target 3 for the 

countdown. During the verbalized countdown for LM trials, participants were 

disorientated by being turned in a rotating chair, which was located at Target 3. 

Participants were then re-orientated to face the ‘thunderbolt’ landmark (as 

piloting highlighted participants’ tendency to accidentally walk into the walls if 

not re-orientated).  
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5.2.2.9 Trials and testing orders. Four blocks (one for each condition: LM, SM, 

multiple-cues or conflict) of ten trials (5 with the use of a walking frame) were 

randomly ordered to make a total of forty trials for the experiment. The order of 

the blocks was randomised for each participant within an age group but the same 

between age groups, as detailed in sections 2.7.3.3 and 2.7.3.5. For SM, LM and 

multiple-cue blocks, a practice trial preceded test trials. The target locations were 

pseudo randomly ordered; with Target 1 being random and Target 2 being 

random but always on the opposite of the centre to Target 1. For 50% of 

participants, conflict trials were rotated counter-clockwise. 

5.2.2.10 Preparation of data. For each trial, the distance the participants walked 

– from the Target 3 to their estimation of the position of Target 1 – was 

measured. The difference between their response (i.e. position on returning to 

Target 1) and the correct location of Target 1 provided the ‘error’.  

Outliers. To eliminate trials in which participants presumably lost concentration, 

outliers were identified and removed using outlier removal method A, described 

in section 2.6.5.2. Twelve trials (0.67%; 8 younger, 4 older) were identified as 

outliers and excluded from further analysis. One older female participant had to 

unexpectedly leave the experiment early and so was excluded for having an 

incomplete dataset. Therefore, analysis was conducted using 21 older and 24 

younger participants. 

Statistical Analysis. Overall performance accuracy was calculated by root mean 

squared errors (providing a mean distance error per condition per participant). 

Noise or uncertainty of participant responses was quantified by taking the 

variability of participants’ errors between repetitions of the same trial type. All 

frequentist statistics were processed using SPSS and all other analyses we used 

Matlab (MathWorks). 

 

5.2.3 Results 

5.2.3.1 Overview. Older adults were consistently less accurate and consistent in 

their responses across all trials, which could not be explained by working 
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memory or balance deficits. As there was no effect of balance, the data were 

collapsed and so all analysis was done with supported and unsupported trials 

together. There was a strong relationship between error and variance, suggesting 

an age-related increase in noise in spatial representations may be the cause of 

diminished performance accuracy. Both younger and older adults integrated self-

motion and visual landmarks by the rules of Bayesian Integration, to improve 

their accuracy and reduce variance of responses. For the younger group, self-

motion and landmarks were optimally weighted by the predictions of the 

integration model. In contrast, older adults did not place as much weighting on 

landmark information as would have been optimal.   

5.2.3.2 Neuropsychological assessment. As shown in Table 5.2.1, older 

participants scored lower on the spatial working memory task but higher than 

the younger group in the measure of crystallized intelligence (this is consistent 

with contemporary work such as Lövden et al., 2005, demonstrating the 

typicality of the sample). All participants reported being fit and healthy (during 

the MHQ) to take part in the study, and all participants demonstrated 20:40 or 

20:20 vision using a standard Snellen chart.  

5.2.3.3 Effects of balance.  No older participants showed any signs of clinically 

relevant balance disorders – therefore typically ageing older adults were used to 

assess potential effects of balance on performance. To assess whether providing a 

balance support in the form a walking frame improved navigational accuracy, 

50% of trials were performed with a walking frame. Root mean squared errors 

(RMSE) were calculated as participants’ error and were averaged for each 

participant for each of the three conditions visual landmarks (LM), self-motion 

(SM) and multiple-cues (MC). A mixed-model ANOVA found main effects of 

age (p < 0.001) and condition (p < 0.001) but not balance support (p = 0.061), 

with no interaction of age, condition and balance (p = 0.161). As performance 

for supported and unsupported trials was very similar, the data were collapsed 

across supported/unsupported trials for all subsequent analysis. 
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 Younger  (SD) Old (SD) P 

N 24 21  

Age 21.63(1.23) 69.94(4.97)  

NART 39.50(4.21) 46.38(2.53) <0.001 

Corsi Blocks 5.75(0.94) 4.43(1.21) <0.001 

Berg’s Balance Test 56(0) 55.92(0.41)  

TUG <10s(0) <10s(0)  

Table 5.2.1 Participant characteristics for Study 5.2. 

 

5.2.3.4 Mean performance accuracy. RMSE scores were averaged across trials 

in the same condition for each participant (10 trials per condition) and are shown 

in Figure 5.2.2a. Older participants were significantly less accurate (main effect p 

<0.001), with planned comparisons revealing age-related deficits across all 

conditions (LM:, p = 0.020, SM: p <0.001, MC: p = 0.002). Performance also 

differed between conditions (main effect: p < 0.001) as planned comparisons 

revealed that participants were significantly more accurate in multiple-cue trials 

than the single cue which produced the least error (young: LM vs. Multiple-cues 

p = 0.004; older:  LM vs. Multiple-cues p = 0.005). This improved performance 

in multiple-cues trials suggests there is an integration of information when 

multiple cues are available. Performance differences between conditions did not 

significantly differ between both groups (age by condition interaction: p = 0.065) 

 5.2.3.5 Spatial working memory. The current study found that Older adults 

performed worse than their younger counterparts and scored lower in the task for 

spatial working memory (Table 5.2.1, p <0.001). It was therefore important to 

assess whether an age-related decline in spatial working memory could account 

for performance impairments. However,  correlating RMSE scores with 

performance in the Corsi-Blocks-Test revealed only a negligible amount of 

performance variability could be explained by spatial working memory for either 
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group (see Table of statistics, Table 5.4). Therefore, it is unlikely that poorer 

spatial working memory is an influential factor in the diminished performance of 

the older adults.  

 

5.2.3.6 Relationship of error and variance. Participants’ RMSE, comprises of 

both a ‘constant error’ – such as a tendency to under or overshoot – and a 

‘variable error’ – the dispersal of responses, reflecting an uncertainty about the 

return location. Older adults showed significantly higher response variability 

across all conditions (main effect age: p <0.001, interaction: p = 0.006) – shown 

by Figure 5.2.2b. There was a strong relationship between RMSE scores and 

response variability in all conditions for both age groups (Figure 5.2.2c; see 

Table 5.4 for specifics), suggesting that the diminished navigation seen in older 

participants was related to a higher uncertainty when trying to remember a 

spatial location of Target 1 during the outbound path. 

Figure 5.2.1. Participant responses plotted as a bird’s eye view on the ground. 

The red point marks the location of Target 1, which participants aimed to return 

to. X-axis represents the distance to the left or right of 0, in centimetres. Y-axis 
represents the distance from the location of Target 3. 
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5.2.3.7 Integration of landmarks and self-motion cues. If multisensory 

integration of navigational cues follows principles of Bayes optimal integration, 

the overall performance improvement in multiple-cue trials (relative to LM/SM) 

should be accompanied by a reduction in response variability. As shown by 

Figure 5.2.2b, there was indeed a significant variance reduction in both age 

groups during MC trials, when LM and SM cues were available (main effect 

condition: p < 0.001). Planned comparisons revealed that the older participants’ 

variance in response error was lower when using multiple cues compared with 

the most reliable single cue (LM vs. Multiple-cues p <0.001). In the younger, this 

difference was not significant between LM and MC (p = 0.091). 

The reduction in both response error and variance seen in both age groups 

Figure 5.2.2 Overall Relocation Performance and Noise  

a) Group root mean squared errors (RMSE ± SEM) of relocation errors per 

condition (landmarks (LM), self-motion (SM) and both (Multiple-cues). b) Group 

mean Standard Deviation (SD) for mean responses per condition. c) Scatterplot 

showing target replacement error (RMSE) and variance for each participant. Each 

participants’ mean score for each trial type is represented for each condition. 
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suggests integration behaviour. Depicted in Figure 5.2.3, MC trials have a higher 

probability density – or reliability – than either single cue trial (y-axis). From the 

position of each sensory source on the x-axis, it can be seen that the more precise 

the distribution, the higher the weighting in integration. However, it is possible 

that that an increase in available information during MC trials could increase 

certainty and result in a reduction in RMSE and response variance, without a 

weighted integration of cues based on their perceived reliability. Therefore, the 

covert rotation of landmarks by 15° before the response phase provided a way of 

assess whether the observed variance reduction in line with quantitative 

predictions of Bayes optimal integration. Furthermore, sole reliance on landmark 

or self-motion cues provided two possible response locations. The participants’ 

chosen response there allowed me to determine the degree to which participants 

relied on each cue, given that exclusive use of landmarks vs. self-motion cues. 

As detailed in Section 2.7.2, two models were considered: (a) Bayesian 

integration, where self-motion and landmark cues are integrated in a weighted 

average, with higher weights given to the cue that produces lower response 

variability – are is perceived as more reliable – in single cue trials (SM or LM) (b) 

alternation - participants do not integrate the cues but use one or other of the 

single cues in isolation for any given trial. The distribution of responses is 

Figure 5.2.3. The posterior probabilities of visual (red), self-motion (blue) and combined 

inputs (green). X-axis plots the group average response error (cm), and position on the x-

axis is determined by average error for the group, for each condition. Y-axis shows the 

probability density, determined by the inverse of response uncertainty, or variable error. 
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therefore some mixture (Titterington, Smith and Makov, 1985) of the SM and 

LM distributions but, crucially, there is no integration of cues when computing a 

response. As shown in Figure 5.2.4, by calculating the predictions of each model 

and plotting them against the observed data, it was revealed that both younger 

and Older adults’ response variability differed significantly from the predictions 

of the alternation model (young: p < 0.001, Older: p < 0.001) but were consistent 

with the integration model (Young: p = 0.86; Older: p = 0.57). As frequentist 

statistics cannot be used to prove the null hypothesis, JZS Bayes Factors were 

calculated for each group, which confirmed Bayes optimal integration (young: 

Factor = 6.28, Older: Factor = 5.10). 

Bayesian integration also predicts the optimal influence each cue (LM and SM) 

has on behaviour – their empirical weighting. Participants’ responses from 

conflict trials were used to calculate the observed empirical weighting (Figure 

5.2.4) and the predicted and observed weights were compared with examine 

whether participants optimally integrated cues based on their perceived 

reliabilities. In conflict trials, relative landmark weighting was 0.58 for both 

Figure 5.2.4 Model Predictions vs. Behavior in the Conflict Condition  
The curves plot the means of functions predicting mean SDs from different landmark 

weights (integration model) or landmark probabilities (alternation model). The x-axes 

correspond to progressively greater reliance on landmarks from 0 to 1. The points represent 

the observed mean SDs and mean relative proximities to the landmark-consistent locations, 

interpreted as landmark weight (integration model) or landmark probability (alternation 

model).
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groups, showing that a higher weighting was given to visual than self-motion 

information (Figure 5.2.4). This weighting was statistically optimal in the 

younger group, (model prediction: wLM = 0.56, p = 0.2025) whereas Older 

participants weighted landmarks less than predicted by the model (model 

prediction: wLM = 0.63, p = 0.002). Again, a JZS Bayes Factor confirmed optimal 

cue weighting in the younger (Factor = 2.80). Taken together, older participants’ 

showed a reduction in response variability that was consistent with Bayes 

optimal integration behaviour, but their weighting of individual cues was 

suboptimal. 

 

5.2.4 Discussion 

5.2.4.1 This study investigated how ageing affects the integration of 

multisensory navigational cues and whether potential deficits might be related to 

balance problems. Testing performance accuracy and variability of older and 

younger adults using single and multiple cues, found that older adults showed 

higher response variance and performed less accurately across conditions 

suggesting an increased noise in the underlying spatial representation impairs 

navigational performance. These impairments were unrelated to spatial working 

memory deficits, and performance did not improve when participants were 

provided with a balance aid. Critically, in the conditions when both landmarks 

and self-motion cues were available on the return path, both groups showed a 

substantial reduction of response variance and weighted both cues according to 

their perceived reliability, driven by efficient cue integration. However, older 

adults’ weighting of the cues deviated from the predictions of a Bayes optimal 

integration model, suggesting that a degradation of multisensory integration 

contributes to the navigational deficits characteristic of old age. 

Previous work has suggested that attentional diversions, stemming from an age-

related decrease in balance stability (Konrad et al., 1999; Lövden et al., 2005), 

might be a cause for navigational impairments in older adults. In the current 

Study; however,  providing a balance aid did not improve performance, hence 

balance deficits are an unlikely explanation for the findings. Additionally, small-
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scale navigation task such the ones presented in this chapter rely on transient 

representations of location, making it possible that the well-known age-related 

reduction in spatial working memory (Salthouse, 2010) could affect 

performance. However, using the Corsi block test as a measure of spatial 

working memory, there was only a weak relationship with navigational 

accuracy. These findings could suggest that navigational deficits in older adults 

are not primarily a spatial working memory problem, but rather the result of 

coarser and less accurate representations of locations in the grid and place cell 

systems. 

As expected, older adults were consistently less accurate at revisiting a target 

location across all conditions, compared with the younger adults. This increase 

in error supports previous findings of age-related decline in overall performance 

during spatial navigation tasks (Allen et al., 2004; Harris and Wolbers, 2012; 

Newman and Kaszniak, 2000). Concurring with much of the path integration 

literature, the older adults in the current Study were impaired at navigation 

based on both visual landmarks (Harris and Wolbers, 2012; Mahmood et al., 

2009) and unsighted self-motion (Allen et al., 2004). In addition, variability was 

tightly linked to accuracy, and older adults exhibited a significantly larger 

variability of responses. As these effects were present when either static 

landmarks or dynamic self-motion cues could be used to compute spatial 

location, it is likely that high-level, multimodal representations of spatial location 

become noisier and therefore more unreliable in the ageing brain; driving the 

diminished performance seen in older adults.  

Despite the overall performance decline, older adults integrated landmarks and 

self-motion cues to improve the accuracy and reliability of their responses. 

Specifically, the older participants showed reduced response variability whenever 

multiple cues were present, as predicted by the Bayesian integration model. 

However, a second key principle of Bayes optimal integration is that different 

cues are weighted in relation to their perceived reliability. Whilst younger 

participants performed in agreement with this principle – thus replicating 

previous findings (Cheng et al., 2007; Ernst and Banks, 2002; Nardini et al., 

2008) – the older participants assigned a lower than optimal weighting to visual 
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landmarks during conflict trials. This suboptimal cue weighting could be a 

second factor driving age-related performance deficits in everyday navigation.  

Which neural mechanisms could mediate the integration of different 

navigational cues? Beauchamp et al. (2010) have suggested that a dynamic 

weighting of connections between early sensory cortices and areas mediating 

multisensory integration might underlie the reliability based weighting observed 

on the behavioural level. Importantly, connections can reweight, allowing for 

adaptation to the available information in a given situation, which could be 

important when compensating for age-induced impairments to sensory systems. 

Although the precise neural mechanisms mediating a dynamic (re-)weighting of 

connections remain unknown, it appears likely that optimal cue weighting relies 

on synaptic plasticity in multisensory systems, such as place cells in the present 

case. Consequentially, the age-related reduction of synaptic plasticity in the 

perforant path input to the hippocampus and in the hippocampus itself (Froc et 

al., 2003) could limit the reweighting potential of the hippocampal-entorhinal 

network, thus preventing an optimal weighting of navigational cues.  

In closing, this study implemented the paradigm developed in Study 5.1 to 

provide definitive evidence for age-related deficits with the integration of 

different navigational cues, which may be driven by increased noise in spatial 

representations. The results are consistent with findings from studies in other 

domains that have revealed age-related deficits with multisensory integration, 

and expand these findings to examine the key mechanisms of integration in older 

age. Whilst older adults integrated cues to reduce uncertainty of their responses, 

cues were not optimally weighed. Further investigation is therefore needed to 

determine the potential causes for this deficit. 

Study 5.2 was written up and published by Elsevier under the following citation. 

It was published under a CCBY licence and is therefore Open Access and 

available to read and download free of charge. 

Bates, S.L. & Wolbers, T. (2014). How cognitive ageing affects multisensory 

integration of navigational cues. Neurobiology of Aging, 35 (12): 2761–2769. 
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This chapter established a paradigm that successfully tested the mechanisms of 

integration in older adults. Study 5.1 – an extensive pilot study – found that older 

adults were more inaccurate and less consistent at relocating a previously visited 

target.  Despite their impaired performance, both younger and older adults 

integrated self-motion and landmark information, albeit it suboptimally.  This 

was expected for older adults but not for younger, possibly due to elements of the 

testing environment adding unnecessary noise to the data. Therefore, Study 5.2 

extended Study 5.1 by incorporating a measure of balance and considering 

spatial working memory as a factor in performance. I expected to find older 

adults were less accurate and precise, and that younger adults integrated 

optimally but older adults did not. Findings confirmed my predictions; 

performance was impaired in older adults, likely as a result of higher noise in the 

underlying spatial representations. Furthermore, even though both groups 

integrated visual and self-motion information to become more accurate and 

precise, older adults did not assign optimal influence on visual information. 

These findings were unrelated to potential changes in balance or spatial working 

memory. Taken together, this chapter offers evidence that increased noise and a 

suboptimal weighting of navigational cues contribute to the problems with 

spatial orientation that many older adults face. Such problems may be the result 

of an inability to reweight self-motion and visual information due to a reduced 

plasticity in reliability driven integration. This possibility is beyond the scope of 

the studies presented here, but will be explored in Chapter 6.  
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Statistical Test Result Significance 

Age difference in Older adults  t(39) = 1.77 p = 0.083 

Correlations between age and 

error 

LM: r = 0.14, p = 0.585; SM: r = 0.14, p = 0.592; 

MC: r = 0.09, p  = 0.722. 

Detection of conflict trials error 

Younger: t(22) = 1.80; Older: 

t(17) = 0.67 

Younger: p = 

0.080; Older: p = 

0.512 

Detection of conflict trials 

variance 

Younger: t(22) = 0.98; Older: 

t(17) = 1.07 

Younger: p = 

0.345; Older: p = 

0.301 

Main effect of condition on 

response error F(1.81) = 6.79 p = 0.003 

Main effect of age on response 

error F(1) = 19.22  p < 0.001 

Interaction of age and condition F(1.78) = 3.20 p = 0.056 

Post hoc t-tests for effect of age 

on response for each condition 

LM: t(39) = 4.23,  SM: t(39) 

= 1.84, MC: t(39) = 2.60 

LM p <0.001, SM: 

p = 0.03, MC: p = 

0.013 

Single most reliable cue and MC 

trials 

Young: t(22) = 0.83, Older: 

t(17) = 2.87 

Young: p = 0.410, 

Older p = 0.013 

Main effect of condition on 

response variance (F(2) = 2.33 p = 0.102 

Main effect of age on response 

variance F(1) = 15.59 p <0.001 

Interaction of age and condition 

(variance) F(2) = 2.01 p = 0.140 

Correlation of RMSE and 

variance 

Young: LM r = 0.82,  SM r = 

0.83, MC r = 0.88; Old: LM r 

= 0.89, SM r = 0.87, MC r = 

0.86 

Young: p < 0.001, 

p < 0.001, MC p < 

0.001; Old: LM p 

< 0.001, SM p < 

0.001, MC p < 

0.001 

Single most reliable cue and MC 

trials 

Young: t(22) = 0.35, Older: 

t(17) = 1.11 

Young: p = 0.739; 

Older: p = 0.287 
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Predictions of the alternation 

model 

Young t(22) = 5.42,Older 

t(17) = 7.32 

Young: p < 0.001; 

Older: p < 0.001 

Predictions of the integration 

model 

Young t(22) = 0.47, Older 

t(17) = 1.96 

Young p = 0.640; 

Older p = 0.067 

JZS Factors of optimal integration Young: Factor = 5.62, Older: Factor = 1.05 

Landmark weighting 

Young: WLM = 0.52, Older: 

Older: WLM = 0.41 

 

Optimal weighting  

Young: ; t(22) = 5.62, Older; 

t(17) = 10.00 

Young:  p 

<0.001 ; Older: 

p <0.001 

Table 5.1.2 Outcomes of statistical tests for Study 5.1 
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Statistical Test Outcome  Significance  

Uncollapsed Data 

  Effect of balance on 

performance F(1)=3.70 p = 0.061 

Main effect of 

condition on response 

error F(2)=22.96 p < 0.001 

Main effect of age on 

response error F(1)=31.22 p < 0.001 

Interaction of age and 

condition F(2) = 1.83 p = 0.161 

   Collapsed data 

  Main effect of 

condition on response 

error F(1) = 31.22 p < 0.001 

Main effect of age on 

response error F(2)=22.96 p < 0.001 

Interaction of age and 

condition F(2) = 2.83 p = 0.065 

Post hoc t-tests for 

effect of age on 

response for each 

condition 

LM: F(1) = 5.86, SM: F(1) = 

23.59, MC: F(1) = 11.49 

LM: p = 0.020, SM: p <0.001, 

MC: p = 0.0015 

Single most reliable 

cue and MC trials 

Young: LM vs. Multiple-cues 

F(1) = 9.30,  Old:  LM vs. 

Multiple-cues F(1) = 8.59 

Young: LM vs. Multiple-cues  p = 

0.004; Old:  LM vs. Multiple-cues 

p = 0.005 

Main effect of 

condition on response 

variance F(2) = 20.41 p <0.001 

Main effect of age on 

response variance F(1) = 24.60 p < 0.001 

Interaction of age and 

condition (variance) F(1) = 5.49 p = 0.006 
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Correlation of RMSE 

and variance 

Young: LM r = 0.69, SM r = 

0.85, Multiple-cues r = 0.55, 

Old: LM r = 0.84, SM r = 0.74, 

Multiple-cues r = 0.64,  

Young: LM p <0.001, SM  p 

<0.001, Multiple-cues p = 0.006; 

Old: LM p <0.001, SM p <0.001, 

Multiple-cues  p = 0.002 

Single most reliable 

cue and MC trials 

Young: LM vs. Multiple-cues 

F(1) = 13.07, Older: F(1) = 2.99 

Young: LM vs. Multiple-cues:  p 

<0.001, Older: p = 0.091. 

Predictions of the 

alternation model 

Young: t(23) = 7.53, Older: t(20) 

= 8.13  Young: p < 0.001, Older p < 0.001 

Predictions of the 

integration model 

Young: t(23) = 0.18, Older: t(20) 

= 0.58 

Young: p = 0.863; Older: p = 

0.574 

JZS Factors of optimal 

integration 

young: Factor = 6.28, Older: 

Factor = 5.10 

 

Landmark weighting 

Young wLM = 0.56, Older 

wLM = 0.63 

 

Optimal weighting  

Young: t(23) = 1.33, Older: t(20) 

= -3.47 

Younger: p = 0.2025, Older: p = 

0.002 

Spatial working 

memory t(43) = 4.12 p < 0.001 

correlation of spatial 

working memory and 

performance 

(Old: LM: r = 0.086, p = 0.71, SM: r = -0.11, p = 0.63, Multiple-cues: 

r = -0.018, p = 0.94; Young: LM: r = 0.019, p = 0.93, SM: r = 0.14, p 

= 0.53, Multiple-cues: r = 0.22, p = 0.319 

Table 5.2.2 Outcomes of statistical tests for Study 5.2.  
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6.0 Chapter Overview 

In this series of studies I was interested in how ageing affects dynamic weighting 

of visual information which varies in reliability. One of the greatest challenges of 

integrating multiple senses is that the reliability of sensory modalities can vary 

from moment to moment. Thus, the brain must be flexible in the influence each 

sensory input has on a spatial representation. Non-navigational studies provide 

evidence that younger adults integrate visual information proportional to 

perceived reliability, even when the reliability of cues varies (Girshick and 

Banks, 2009; Berard et al., 2010; van Beers et al., 2012, Chen and McNamara, 

2014). Currently, there is very little literature which explores the dynamic 

weighting of visual input during navigation and, to my knowledge, no work that 

looks at the potential effects of ageing on such reweighting. This chapter 

therefore compared the performance of younger and older adults, who were 

tasked with integrating self-motion and visual landmark information in an 

environment where the reliability of the visual information was reduced in 50% 

of trials. I aimed to establish whether younger and older adults would reweight 

the influence visual information had in their spatial estimates, in line with 
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Bayesian predictions, whether their reweighting would be optimal, and the 

potential effects of ageing on such optimal integration.  

In Study 6.1, younger and older adults completed a simple homing task in a dark 

room; returning to a previously seen location using visual landmarks, self-motion 

information or a combination of the two. In a subset of trials, a conflict between 

the sensory inputs was created to assess the relative weightings participants 

assigned to each cue. Importantly, landmark trials were presented at two 

distances from the possible target locations; either concurrent to previous studies 

using the paradigm (used in Chapter 5; which provided control trials) or 

approximately 40 cm further away (which I called longer trials), thereby 

reducing the reliability of the visual input. Findings revealed that both groups of 

participants were sensitive to the changing reliability of the visual cues, reflected 

in the reweighting of landmark information during longer trials. This was not 

optimal for either group. As expected, older adults performed with more error 

and variability overall. However, younger adults did not perform as expected in 

control trials, suggesting findings from the longer trials and older adults could 

not be entirely relied upon. 

Study 6.2 therefore tested a new set of younger participants. Using the same 

paradigm, Study 6.2 revealed that younger adults optimally integrated sensory 

cues during control trials, and decreased the influence visual information had 

over behaviour in longer trials, in line with Bayesian predictions. This 

reweighting was still not concurrent with the optimal predictions of the Bayesian 

model. 

Together, these studies provide the first evidence for reliability driven 

reweighting of visual information, in a navigational context. Study 6.1 provides 

the first insight into how this may be affected by ageing. However, more work is 

needed to fully investigate such behaviour. Overall, this chapter establishes that 

younger and older adults dynamically integrate information in a reliability-

driven fashion, which is flexible to changes in sensory inputs. Future directions 

and extensions of the paradigm for further studies are discussed.  
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6.1.1 Introduction  

Many navigational tasks rely on the integration of multiple sensory cues such as 

visual landmarks and self-motion to reduce uncertainty and increase 

navigational accuracy. Previous findings have established that such integration 

occurs in a Bayesian fashion, with sensory inputs that are deemed more reliable 

exerting a greater influence on behaviour (Cheng et al., 2007; Nardini et al., 

2008; Fetsch et al., 2009; Chapter 5). It is generally accepted that adult humans 

perform as optimal or near-optimal Bayesian observers when they are integrating 

cross-sensory inputs (van Beers et al., 2002; Shams et al., 2005) and when 

integrating spatial information, combining cues based on their perceived 

reliability (Battaglia et al., 2003; Nardini et al., 2008; Fetsch et al., 2009). 

However, the reliability of sensory information in an environment can often 

fluctuate rapidly and unpredictably, and different sources of information can 

cause confusion or conflict. Therefore, a key skill for the navigating animal is to 

dynamically integrate cues in-line with these changing reliabilities by re-

weighting sensory inputs. Previous non-navigational studies have found that 

humans perform with near-optimal accuracy even when cue reliabilities vary 

(Jacobs et al., 1999; Landy and Kojima, 2001; Hillis et al., 2004; Girshick and 

Banks, 2009), and these findings are supported by spatial work with monkeys 

(Fetsch et al., 2009). However, to my knowledge, the literature on reliability 

driven re-weighting in adult humans during spatial tasks is sparse with just one 

study (Chen and McNamara, 2014), and this work did not explore the effects of 
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ageing. Given that Chapter 5 and resulting paper (Bates and Wolbers, 2014) 

established ageing impairs reliability-driven integration of landmark and self-

motion information, it raises an important question – does ageing diminish 

humans’ ability to dynamically re-weight sensory information according to 

reliability? Specifically, in the studies of Chapter 5, older adults assigned the 

same weighting (0.57) to landmark and self-motion information as younger 

adults. This was not optimal; a model of Bayesian probability predicted that 

older adults should assign greater weight to landmarks to be optimal. This could 

be a result of one (or a combination of) two possibilities: (a) subtle changes in 

cue reliability – in this case as a consequence of ageing – are not detected by the 

underlying spatial networks and so re-weighting does not occur, or (b) the 

changes are detected, but the loss of plasticity to the underlying neural networks 

prevents re-weighting from occurring. Testing these possibilities was beyond the 

scope of previous work and is not established in the existing literature. Therefore, 

the current study provided a paradigm to test these hypotheses. The only 

previous work, by Chen and McNamara (2014), presented participants with a 

homing task very similar to the paradigm presented in Chapter 5, but presented 

in a virtual reality. Importantly, they manipulated the reliability of the visual 

landmarks by making them less visible with a virtual ‘fog’. For the current 

chapter, the same real-world homing task as Chapter 5 was used. In the dark 

environment, younger and older participants navigated based on visual 

landmarks (LM), self-motion cues (SM) or a combination of both. As it was not 

possible to fog out the landmarks in this set up, an alternative was found. The 

reliability of the landmark cues was manipulated by varying their distance from 

the target locations, making visual landmarks less precise as a source of 

information. I decided to use this method after piloting a few participants and 

finding that trials where the landmarks were further away reduced participants’ 

accuracy and consistency in landmark only trials. Measuring participants’ 

accuracy at returning to a previously visited target location allowed me to assess  

(a)  the  reliability of individual cues, (b) changes in perceived reliability of the 

landmarks between the differing lengths at which landmarks were presented, (c) 

the benefit of having multiple cues available and the potential effects cues 



161 
 

reliability had on these benefits, iv)  the  relative weighting  of each cue when the 

landmarks and self-motion were in spatial conflict and finally, (4) re-weighting of 

the relative weighting of each cue, as a function of landmark reliability.  

 

6.1.2 Methods 

6.1.2.1 Overview 

These methods are described in detail in section 2.7 of Chapter 2, and also in the 

methods of Chapter 5. Therefore, an abridged version of the methods has been 

included here, and important differences outlined. In short, the environment and 

procedure was the same as presented in Chapter 5, with the following changes: 

1) There was no balance condition involved in these studies, so all trials 

were unsupported. 

2) Trials were completed at two different distances from the landmarks; 

‘short’ trials were presented at the same distance as previous chapters. 

‘Long’ trials were presented 38cm further from the landmarks, making 

them less reliable to use for locating Target 1. These trials were blocked 

and so the study was presented as two halves, with each half being 

blocked by trial type.  

 

6.1.2.2 Participants. Thirty-nine (39) participants were recruited from the 

University of Edinburgh community and the Psychology department’s volunteer 

recruitment pool. All participants gave consent, as approved by the University of 

Edinburgh Psychology Research Ethics Committee. The participants were 

separated into two groups, by age; younger (18 – 30 years old; 21 participants) 

and older (60 – 89 years old, 18 participants). A summary of participants’ 

demographic information can be found in Table 6.1.1. 

6.1.2.3 Neuropsychological and cognitive assessments. Detailed descriptions of 

these tests can be found in the relevant sections under Section 2.4. All 

participants were asked to give a brief medical history, reporting any 
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psychological, neurological or physical conditions that would impact on their 

performance ability or wellbeing during testing (Described in section 2.4.2 and 

presented in appendix 2.2). Additionally, all participants completed the NART 

(Section 2.4.4) for crystallised intelligence, and a Corsi-block tapping test 

(Section 2.4.6) for spatial working memory. All participants had normal or 

corrected to normal vision (with or exceeding 20:40 vision using a standard 

Snellen chart, with no colour blindness, Section 2.4.7). Finally, older participants 

were tested for MCI using the MoCA test (Section 2.4.1 and in appendix 2.1) 

and were required to score a minimum of 25 out of a possible 30 to ‘pass’ the 

screening.  

6.1.2.4 Environmental set-up and stimuli 

The environment was the dark room paradigm that was used in Chapter 5, and 

described in detail in section (and subsections of) 2.7 of Chapter 2.  

Short and long trials. Testing was separated into two conditions; ‘short’ and 

‘long’. Short trials were identical to the standard distances used in Chapter 5 and 

the short trials above. Long trials were the same standard procedure, but the 

locations of Target 1, 2, 3 and the start line were all moved back by 38cm. This 

distance was selected from piloting small groups of participants at distances 

varying from 20 – 100cm further back than the short trials, and then comparing 

the errors made in LM trials. It was important that the reliability of LM and SM 

trials remained similar, as (a) this is optimally beneficial to the integration of LM 

and SM cues during multiple-cue trials and (b) if the landmarks are deemed too 

unreliable in long trials, participants may rely on only the SM cues and ignore 

the landmarks completely.  

6.1.2.5 Testing orders. The study was separated into two blocks; short trials and 

long trials. All trials of each length were presented in one block of the testing. 

There order in which each block was presented was counterbalanced so that 50% 

of participants completed long trials first and vice versa. Within each half, four 

blocks (one for each condition: LM, SM, multiple-cues or conflict) of five trials 

were randomly ordered – to make a total of forty trials for the study. The order 
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of the blocks was randomised for each participant within an age group but the 

same between age groups (i.e. the same block order was used for the nth 

participant in the younger age group and the nth participant in the older age 

group). For SM, LM and multiple-cue blocks, a practice trial preceded test trials. 

Each target appeared at one of 4 possible positions at least twice in each block, 

and the positions were distributed so that they were used equally across the 

study. Target locations were pseudo randomly allocated; target 1 was random 

and target 2 was always on the opposite of the centre to target 1, but randomly 

allocated from the choices on that side. For 50% of participants, conflict trials 

were rotated counter-clockwise. No participants reported awareness of the 

landmark rotation. 

6.1.2.6 Statistical analysis. For each trial, the distance the subject walked was 

measured and recorded. Error was defined as the difference between their 

response (i.e. position on returning to target 1) and the correct location of target 

1. Root mean squared (RMS) error (providing a mean distance error per 

condition per subject) was calculated to measure overall performance, and 

variability of errors for noise or uncertainty. Both variables were analysed with 

mixed-model ANOVAs as implemented in SPSS. All other analyses were 

performed using Matlab (MathWorks). 

6.1.2.7 Outliers. Outlier removal method B was used and outliers were 

identified as any value over the third quartile + 3.5 * interquartile range. It is 

more lenient than the outliers used in Chapter 5, to reflect that the longer trials 

carry more error and noise. In total, eight (8) trials (5 old, 3 young) were 

removed across the dataset (seven from long trials).  

6.1.2.8 Cue Integration Models. These are described in more detail, with the 

appropriate Equations, in section 2.6.2 of Chapter 2. Therefore a brief summary 

is presented here.  

During trials where multiple cues were available, there was a reduction in 

variance – or uncertainty – compared with the most reliable single cue which 

indicates that participants are integrating self-motion and landmark information. 
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Responses in single cue trials can be used to predict performance when multiple 

cues are available, and conflict trials provided a mismatch of information, where 

participant responses could be used to test integration behaviour. These 

predictions were made by constructing Bayesian models.  There are two possible 

models to consider; (a) cues are integrated in a statistically optimal fashion, 

where they are combined according to their reliability (b) cues are not combined, 

but alternated between, where information from each cue can be used, but 

crucially only one source is used at one time. As seen in Chapter 5, younger and 

older adults integrate landmark and self-motion information to decrease 

uncertainty. Crucially, cues are integrated according to reliability, where reliable 

signals receive a high weight, while less reliable signals receive a low weight. The 

combination rule is considered statistically optimal in that it always provides the 

result that is most reliable, where ‘most reliable’ means most probable or least 

variable. In the present Study, I was particularly interested in the weightings 

assigned to each of the SM and LM cues during integration. Specifically, 

whether the weighting assigned to landmarks and self-motion cues were optimal 

in both short and long trials, and the plasticity of these weightings, based on the 

changing reliability of the landmarks. The model predictions were calculated for 

long and short trials, for both age groups, by the calculations outlined in 

Chapters 2 and 5. The landmark proximities were used to measure reliability 

weighting and they were compared for the two conditions. In each case, the 

optimal landmark weighting was also calculated and compared with the 

participants’ performance, to measure whether information was integrated 

optimally. 

 

6.1.3 Results 

6.1.3.1 Overview Both younger and older participants used the presence of self-

motion and landmark information in combination to reduce their error and 

variance, shown in Figure 6.1.1.  As expected, older participants were not as 

accurate as their younger counterparts, likely driven by an increase in noise in 
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the underlying spatial representations. Displacing the landmarks in some trials 

allowed me to assess spatial behaviour when the reliability of visual information 

was altered. In short trials – the control condition - older adults replicated my 

previous findings from Chapter 5. Younger adults did not replicate my findings 

from Chapter 5, although their error and variance was reduced in trials where 

multiple cues were available, their data were not consistent with the model of 

Bayes optimal integration. Instead, they adopted an alternating strategy where 

locational estimates were made using information from either self-motion or 

landmark sources but, crucially, there was no integration of the two. When 

landmarks were made less reliable, both younger and older adults adjusted their 

responses in line with the decrease in landmark reliability and so landmarks had 

less influence over participants’ responses. Furthermore, analysis of conflict trials 

revealed that both age groups adjusted the weights assigned to sensory inputs, 

placing greater emphasis on self-motion information when visual cues were less 

reliable. Bayesian predictions of optimal cue weighting suggested that younger 

Figure 6.1.1. Participant responses plotted as a bird’s eye view on the ground. The red 

point marks the location of Target 1, which participants aimed to return to. X-axis 

represents the distance to the left or right of 0, in centimetres. Y-axis represents the 
distance from the location of Target 3. 
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Mean score 

 

P 

 

Younger (SD) 

Old 

(SD) 

 
N 21 20 

 
Males 10 8 

 

Age in Years 21.4 (0.98) 

68.4 

(5.7) 

 

NART 35.62 (5.39) 

43.77 

(3.99) <0.001 

Corsi Blocks 5.86 (1.06) 

4.45 

(1) <0.001 

MoCA 

 

27.14 

(0.94) 

 
Table 6.1.1 Participant demographics for Study 6.1 

 

    

Table 6.1.1 Participant demographics for Study 6.1  

adults should adjust their weighting by 0.20 (0.68 – 0.48), and older adults by 

0.07 (0.53 – 0.46). However, the actual shift was not nearly large enough to be 

considered optimal for either age group (younger shift = 0.02, old shift = 0.03).  

6.1.3.2 Neuropsychological assessments The results of these assessments can be 

found in Table 6.1. No older adults showed signs of clinical MCI and 

outperformed the younger group in the NART task for crystallised intelligence. 

As this is consistent with previous literature (Lövden et al., 2005) and 

throughout the studies in this thesis, the current sample of older adults can be 

considered typical of the wider population. Furthermore, older participants 

scored lower on the task for spatial working memory (Table 6.1), although it is 

unlikely that this contributed to age-related differences in task performance; a 

correlation of performance and working memory very little variance in 

performance could be explained by spatial working memory (Younger:  LM: r = 

0.019, p = 0.93, SM: r = 0.14, p = 0.53, Multiple-cues: r = 0.22, p = 0.311; 

Older: LM: r = 0.086, p = 0.714, SM: r =-0.11, p = 0.633, Multiple-cues: r = 

0.018, p = 0.94). 
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6.1.3.3 Suitability of control trials. As the short condition was identical to the 

paradigm in Chapter 5, I expected to largely replicate these findings, providing a 

‘control group’. Therefore, the RMSE scores of the current study were compared 

with RMSE scores of Chapter 5, Study 5.2 using a mixed model ANOVA. Both 

groups largely replicated the trend of previous findings; the sensory input 

available during the trial influenced accuracy (measured by RMSE; main effect 

of condition: F(2, 160) = 32.33, p < 0.0018) and older adults performed with 

significantly more error than younger adults (main effect of age p = 0.002). Older 

adults’ performance was consistent with the previous study across all conditions 

(SM: p = 0.100, LM: p 0.44 MC: p = 0.357). However, performance did 

significantly differ between the current study and Chapter 5, Study 5.2. 

Specifically, younger adults in the present study were significantly more accurate 

in their responses during LM trials, than those in Chapter 5, and therefore also 

more accurate in multiple cue-trials. There was therefore a main effect of study 

on performance (p = 0.001) and post-hoc t-tests confirmed the differences lay 

with the landmark and multiple-cue trials of younger adults (LM: p < 0.001, 

MC: p = 0.005). 

 Participants in the current study benefitted very little from having multiple cues 

available compared with the most reliable single cue – landmarks (p = 0.13) – as 

LM trials already provided near-optimal information, with a much greater 

probability density than self-motion cues could provide (illustrated by Figure 

6.1.2).  Consequentially, by the Bayesian model used throughout this thesis, 

younger adults did not integrate self-motion and landmark information during 

short trials of the current study. As Figure 6.1.4 demonstrates, they instead 

alternated between landmark and self-motion information. Despite not 

integrating information, predictions of landmark weighting suggested that 

younger adults did alternate between the landmarks and self-motion cues an 

optimal amount of the time. In contrast, as with previous findings, older adults 

did integrate landmark and self-motion information in the short condition, but 

                                                           
8 To make the results easier to read, I have reported only the significance for all subsequent 

statistics. However, the full outcomes of all my statistics are included in this Chapter, in table 

6.1.2  
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this was not optimal in terms of landmark weighting. Taken together, 

participants in the current study largely replicated previous work during short 

trials and therefore I used the short condition as a basis for comparison with 

longer trials, to look at the influence that varying landmark reliability had on 

integration behaviour.  

 

6.1.3.4 Testing orders. Participant results for each age group were divided into 

two subgroups; those who performed the short condition first, and those who 

performed the long condition first. T-test comparisons revealed no order effects 

for either age group (younger:  p = 0.092, older: p = 0.067). The order in which 

participants completed the study had been counterbalanced as a precaution, so 

the data were collapsed and all participants of each age group were analysed 

together. 

6.1.3.5 Mean performance accuracy. For each trial, the participant’s return 

location is plotted in Figure 6.1.1. The distance between the location of Target 1 

Figure 6.1.2. Example of Bayesian integration. The posterior probabilities of visual (red), self-

motion (blue) and combined inputs (green). X-axis plots the group average response error (cm), 

and position on the x-axis is determined by average error for the group, for each condition. Y-

axis shows the probability density, determined by the inverse of response uncertainty, or 

variable error. 
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and the participant’s return location was taken as the error and root mean square 

errors (RMSE) scores were calculated from these errors for mean performance 

accuracy analysis.  Figure 6.1.3a demonstrates the mean performance accuracy 

for each age group in each condition and suggests that condition affected 

response error across both distance conditions for younger and older adults. This 

was confirmed with a mixed model ANOVA of condition (within group 

variable), distance (short/long, within group variable) and age (between group 

variable) revealing a highly significant effect of condition (p < 0.001). As this 

was true for both age groups and for both short and long trials, there was no 

interaction of age, condition and distance (p = 0.88). As younger adults were 

particularly accurate at using landmarks in the short condition, there was no 

significant reduction in error when both landmark and self-motion cues were 

present (p = 0.20), suggesting that cues may not have been integrated. This is 

likely because multiple cues provided little extra benefit than landmarks alone, 

demonstrated in Figure 6.1.2. In long trials, where landmarks did not produce 

such accurate results, there was a significant reduction in error when multiple 

cues were available (p = 0.0017). For older adults, landmarks were the most 

accurate single cue in both short and long trials, and there was a significant 

Figure 6.1.3 a) Group root 

mean squared errors (RMSE 

± SEM) of relocation errors 

per condition (landmarks 

(LM),self-motion (SM) and 

combined (Multiple-cues). b) 

Group mean Standard 

Deviation (SD) for mean 
responses per condition. 

a) b) 

b) a) 
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reduction in error when multiple cues were available for both distances (Short: p 

= 0.013, long: p = 0.0023). Older adults consistently performed with more error 

across all conditions, depicted in Figure 6.1.3a, which was reflected in a main 

effect of age (p < 0.001) and lack of interaction between age and condition (p = 

0.38).  

Did displacing the landmarks affect the accuracy of visual information? For 

younger participants, where landmarks yielded particularly accurate results in 

short trials, displacing the landmarks had a profound effect on accuracy (p = 

0.008). However, for older adults, there was little difference between short and 

long landmark trials (p = 0.45), suggesting that changing the landmark reliability 

had little effect on performance. Overall, there was a trend of distance (p = 

0.069), with no interaction between distance and age (p = 0.38).  

6.1.3.6 Variable error. RMSE scores reflect both a constant error – such a 

tendency to over or undershoot, and a variable error – derived from uncertainty 

about the location of Target 1 and/or noise in the underlying spatial networks. 

As reliability is considered to be the inverse of variable error (Cheng et al., 2007), 

variance of responses for each trial type was calculated for each participant. As 

with accuracy, trial type influenced performance (main effect of condition, p = 

0.020) for both younger and older adults (no interaction of age and condition, p 

= 0.241). Demonstrated in Figure 6.1.3b, younger adults did not appear to 

integrate landmark and self-motion information to reduce performance 

uncertainty in shorter trials (p = 0.39) but they did for longer trials (p = 0.046). 

Older adults decreased variable error during multiple cue trials for both short and 

long conditions, but only significantly so in longer ones (short: p = 0.064, long: p 

= 0.045), suggesting they were integrating self-motion and landmark 

information. Integration behaviour is further demonstrated by Figure 6.1.2, 

which represents both the constant error (such as participants tended to 

overshoot) on the x-axis and variable error (the trial-by-trial variance of trials of 

the same type) on the y-axis. Figure 6.1.2 suggests that participants do integrate 

self-motion and landmark information to be more consistent.  
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Did displacing the landmarks make visual information less reliable? For younger 

participants, landmarks were a significantly less reliable source of information in 

longer trials (p = 0.015). However, for older adults, there was little difference 

between short and long landmark trials (p = 0.528), suggesting that changing the 

landmark reliability had little effect on their perceived reliability. This was 

reflected in a minimal effect of distance on performance consistency (main effect 

of distance, p = 0.681), with no interaction between distance, age and condition 

(p = 0.428).  

 

Figure 6.1.4 Model  Predictions vs. Behaviour in the Conflict Condition . The 

curves plot the means of functions predicting  mean SDs from different landmark 

weights (integration model) or landmark probabilities (alternation model). The x-

axes correspond to progressively greater reliance on landmarks from 0 to 1. The 

points represent the observed mean SDs and mean relative proximities to the 

landmark-consistent locations, interpreted as landmark weight (integration 

model) or landmark probability (alternation model).Left hand graph refers to 

short trials, and right hand to long trials. 
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6.1.3.7 Integration of landmarks and self-motion cues. As outlined in detail in 

Chapter 5 and Chapter 2 (methods), a standard formation Bayesian model was 

used to assess integration behaviour. The model predictions were based on 

performance in the single cue trials, and plotted using performance in the conflict 

trials, where there was a conflict of information between the landmarks and 

participants’ self-motion (i.e. the conflict condition) during the response phase of 

the trial. The conflict of information could be used to determine the degree to 

which participants relied on LMs and/or SM information, given that exclusive 

use of landmarks vs. self-motion cues would predict different response locations. 

Calculating the proximity to the landmark-only location determined the extent 

participants relied on landmark and self-motion information, and was plotted on 

the x-axis of Figure 6.1.4. As seen in Figure 6.1.4, both models also predict a 

relationship between response variable error and cue weighting.  

The y-axis of Figure 6.1.4 demonstrates that younger adults’ performance in 

shorter trials was not consistent with the model of integration (p < 0.001), 

suggesting that younger participants alternated between using landmark and self-

motion cues, which was confirmed by comparison of performance with the 

predictions of the alternation model (p = 0.214). For longer trials, younger adults 

integrated landmark and self-motion information (model predictions show a 

consistency with the integration model – p = 0.578, but not with the alternation 

model, p < 0.001). As a null hypothesis can’t be used to conclude null results, 

JZS factors confirmed that younger adults optimally integrated information to 

reduce their uncertainty for long trials (Factor = 4.06).  

Older adults did optimally integrate landmark and self-motion information to 

reduce uncertainty in both short (consistent with Bayes’ predictions; short p = 

0.346) and long (consistent with Bayes’ predictions; p = 0.926) trials. This was 

further confirmed by performance significantly differing from the predictions of 

the alternation model (short: p < 0.001, long: p = 0.008). Finally, JZS Factors 

confirmed that performance was consistent with integration behaviour for both 

short and long trials (Short: Factor = 2.70, Long: Factor = 4.09).  
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6.1.3.8 Landmark weighting and reweight as a function of landmark 

displacement. I wanted to know whether participants would reweight the 

assigned weights given to landmarks, if the perceived reliability of the landmarks 

decreased. Therefore, it was firstly important to establish whether landmarks 

were weighted optimally or, in the case of older participants, replicable to 

previous work. The alternation model suggests younger participants weighted 

landmarks at 0.64, significantly higher than before (p = 0.036). However, given 

younger participants did not integrate information in the short trials of the 

current study, this result cannot be considered particularly useful. Older adults, 

on the other hand, weighted landmarks comparably to Chapter 5, Study 6.1 at 

0.59 (compared with 0.57, no significant difference, p = 0.100). Like with the 

previous study, this landmark proximity was not optimal (p = 0.007).   

Crucially, did landmark weights shift in line with changing reliability of the 

landmarks? In short trials, younger adults’ landmark weighting was 0.64, for 

long trials it was 0.62. The predictions of the Bayesian model of integration 

found the optimal weightings -  based on variable error in unimodal trials – was 

0.63 in short trials and 0.48 in long. Therefore, participants did optimally weight 

landmarks in the short condition (p = 0.701) but they did not sufficiently 

(according to the integration model’s predictions) reweight landmark 

information in long trials (p < 0.001). There was therefore no significant 

reweighting for younger participants (p = 0.311). 

Older adults’ landmark proximities for short and long trials were 0.59 and 0.56 

respectively, suggesting their did reweight the influence of landmarks in line with 

their decreasing reliability, but that the shift was not as drastic as predicted by the 

Bayesian model, where the optimal landmark weightings were 0.53 and 0.46 

(optimal weighting short: p = 0.007; long p < 0.001). Therefore, the reweighting 

of landmarks between short and long trials was not significant (p = 0.332). 
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6.1.4 Discussion 

The main finding of this study was that younger and older adults adjusted the 

influence landmarks had over their performance, in line with diminished 

reliability of visual input. For younger adults, displacing the landmarks made a 

bigger difference – which was reflected in a larger shift in weighting – than for 

older adults. Despite there being only a small diminishing of landmark reliability 

for older adults, they still adjusted the weighting assigned to landmarks in line 

with predictions of the Bayesian model. However, the amount of reweighting 

that occurred was too small to make a significant impact or to be optimal for 

either age group – suggesting that adults cannot optimally reweight visual inputs 

based on a sudden change in the reliability of the sensory mode. 

As expected, older adults were consistently less accurate at using landmarks, self-

motion information or a combination of both to relocate a target location, 

compared with the younger adults. This increase in error corresponds to existing 

literature of age-related decline in performance during spatial navigation tasks 

(Newman and Kaszniak, 2000; Allen et al., 2004; Harris and Wolbers, 2012; 

Chapter 5). As is typical in ageing research and was found in Chapter 5, older 

adults in the current Study were impaired at navigation based on both visual 

landmarks (Mahmood et al., 2009, Harris and Wolbers, 2012) and unsighted 

self-motion (Allen et al., 2004), demonstrating that the older adults were a good 

representation of the wider population.  

The current study found that neither younger nor older adults optimally 

reweighted visual information, based on its varying reliability. Previous findings 

suggest that older adults are not optimal at reweighting visual information during 

locomotion (Berard et al., 2004) and that reweighting sensory information to 

maintain posture becomes more challenging (Horak et al., 1989; Horak and 

Macpherson, 1996). At a neural level Beauchamp et al. (2010) suggest that 

connection weights between early and late sensory cortices underpin one’s ability 

to reweight information as its perceived reliability fluctuates. These connection 

weights may also be vulnerable to ageing – the networks responsible for spatial 
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location become less plastic with old age (Froc et al., 2003) and subsequently 

have difficulty in binding estimates of location to external landmarks (Wilson et 

al. 2004). Together, it is perhaps not surprising that older adults do not reweight 

visual information as well as they could. However, given that younger adults in 

the present study did not perform as expected by not integrating information in 

the control condition, and did not sufficiently reweight landmark information; 

any interpretation of age-related findings must be approached with caution. The 

fact that younger adults did not reweight information sufficiently contradicts 

much of the existing literature (Jacobs et al., 1999; Landy and Kojima, 2001; 

Hillis et al., 2004; Girshick and Banks, 2009; Berard et al., 2012).  One possible 

explanation for the lack of sufficient reweighting for younger adults is that 

participants were presented with only 10 conflict trials. It is possible this was not 

sufficient exposure to varying landmark reliabilities as there may be a temporal 

component to reweighting at a neural level. For example, it is possible that 

multiple trials are required for individuals to gauge the change in noise of a 

visual cue and/or the reweighting process may not be instantaneous. Using 

computational modelling, Petrov et al. (2005) suggest that an abrupt change in 

environmental conditions (such as a change in sensory reliabilities) induces a 

system to temporarily work with suboptimal weights. However, to my 

knowledge, this has not been shown with spatial cues. Beauchamp et al. (2010) 

presented participants with 40 trials in which visual and tactile information was 

in conflict, to measure the dynamic weighting of sensory inputs between early 

and late cortical areas. However, they did not report on any number of trials 

being needed to see a behavioural effect in sensory reweighting. Testing this 

possibility is beyond the scope of this paper and would likely involve measuring 

neural responses and connections with BOLD (blood oxygen level dependent) 

fMRI.  

The current results for younger adults are not the first to find deviations from 

optimal cue weighting. Fetsch et al., (2009) found that although adults integrated 

visual and visual and vestibular information in a Bayesian fashion, they didn’t 

put enough weighting on visual information as they should have done when the 

reliability of the visual and vestibular information was manipulated. In short, 
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they didn’t reweight visual information optimally. Furthermore, Battaglia et al. 

(2003) found that subjects tended to overestimate visual cues during a visual-

auditory task similar to the findings of the current study. To address this issue 

Battaglia et al. (2003) introduced a prior which lessened the variable error of 

their participants’ visual estimates, thereby increasing the predicted visual 

weights to more accurately represent the actual visual weights assigned in 

auditory-visual trials. In short, they performed an analysis that adjusted the 

model predictions to better fit the data. This could be done with my younger 

participants here; however, the method would not add any power to the findings 

and adapting the model to fit control data was not the correct focus of this study. 

Further, Battaglia et al. merely had an issue with visual weighting whereas my 

younger participants did not appear to integrate landmark and self-motion 

information at all in short trials. Primarily this was because they were unusually 

successful at using landmarks to navigate and so the presence of both LM and 

SM information did little to improve performance (Figure 6.1.2). The most likely 

explanation for this anomaly is that the instructions and briefing of the study put 

too much of an emphasis on the use of landmarks. All participants were aware 

that there were two halves to the study and that the landmarks were important 

(although they were not aware until testing that the landmark reliability would 

change until the event occurred). As the younger adults did not perform as 

expected, findings from the short condition did not provide a completely reliable 

control condition from which to measure their ability to reweight visual 

information. Therefore, their performance in the longer trials cannot be 

completely relied upon either. As younger participants functioned as a measure 

of ‘healthy normality’ to their older counterparts, findings from older 

participants must also be treated with caution. However, the predictions of the 

integration and alternation models – based on participants’ performance in 

unimodal conditions – were as expected in the control condition and predicted a 

significant reweighting of landmark information, suggesting the current 

paradigm can be used to measure reweighting behaviour. With this in mind, the 

next step was to retest a new group of younger participants with minor changes 

to how the paradigm is presented, to examine whether they a) integrate 
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landmarks and self-motion optimally in the short condition and b) if so, 

investigate how this affects sensory reweighting of landmark information. 
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6.2.1 Overview 

Study 6.1 found that participants did not integration self-motion and landmark 

cues as expected, possibly because knowledge that the landmarks were variable 

altered their perceived reliability. To investigate this further, the study was 

repeated with alterations to how it was presented to participants. Data were 

gathered from a small participant sample of younger participants (mean age 21) 

to evaluate the success of testing reliability driven integration; by analysing the 

influence of self-motion and visual landmark information, and by comparing 

how these cues were integrated in line with the changes in landmark reliability. 

Based on these analyses, younger adults replicated findings in Chapter 5 and 

optimally integrated landmark and self-motion information. Furthermore 

participants adjusted the weighting assigned to visual landmarks in line with 

changing reliability. However, the effect size of this change was too small to be 

significant, and a power analysis suggested a large sample size would be needed 

to gain a significant shift in cue weighting with the current paradigm. With this 

in mind, I decided not to test further with the current paradigm and instead 

explore alternative options for testing the effects of age on reliability driven 

integration, as discussed in section 6.2.4. 

 

6.2.2 Methods 

6.2.2.1 Overview This Study was identical in set-up to the previous one in this 

chapter, except that the sample was drawn from people who had not previously 

taken part and the instructions given to participants were altered to prevent any 
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anticipation of changes to the reliability of landmarks. During briefing, the 

instructions were rewritten to ensure there was no additional attention drawn to 

the landmarks. Briefing was also changed so that participants were not initially 

aware of the varying trial distances. Although I would have also ideally greatly 

increased the number of conflict trials presented, this was not possible with the 

time constraints of the study. The aim of the current Study was to investigate 

whether results from Study 5.1 would be replicated when minor alterations were 

made to the procedure. Therefore, data were gathered from a 19 younger 

participants to provide a sample for analysis and review. For ease of reading, I 

have not repeated information regarding the calculations of the Bayesian 

prediction models. These can be found; however,  in the section 2.6.2 of the 

methods, in Chapter 2.  

6.2.2.2 Participants. Nineteen (19) younger participants (mean age 22.3 years) 

were recruited from the University of Edinburgh community and took part in the 

Study. All participants were been fully informed and gave consent, consistent 

with the regulations of the University of Edinburgh Psychology Research Ethics 

Committee. A summary of participants’ demographic information can be found 

in Table 6.2. Two (2) participants were excluded before any analysis was carried 

out; one participant withdrew from the Study as they felt unwell and the second 

participant ignored instructions and so were excluded. Therefore, 17 participants 

were included in the final data set.  

6.2.2.3 Neuropsychological Assessment. Younger participants completed the 

battery of tests, standard to all studies in this thesis using the dark room 

paradigms. Namely, the Corsi-block score for working memory and the NART 

test for crystallised intelligence.  

6.2.2.4 Procedure. The procedure was exactly the same as presented in Study 

6.1.  

6.2.2.5 Statistical analysis software. For all graphical analysis, MATLAB 

(R2010a) with the Statistics Toolbox was used. For inferential statistics, IBM 

SPSS Statistics 20 was used. 
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6.2.2.6 Preparation of data for analysis. Outliers were defined as a value three 

and a half (3.5) times the standard deviation from the group mean. A total of 

1.5% of trials (15 trials; 5 from the shorter condition, 10 from the longer 

condition) were identified as outliers and removed from further analysis.  

6.2.3 Results 

6.2.3.1 Overview. Overall, participants integrated self-motion and landmark 

information in accordance with a Bayes’ model of optimal integration. Self-

motion and visual landmarks were integrated to reduce response variance and 

increase accuracy (Figure 6.2.1). Furthermore, the results presented here 

replicate previous findings in Chapter 5, suggesting trials in the short condition 

provide a suitable control condition to measure whether younger adults reweight 

perceptual inputs in line with changes to their reliability. Comparison of shorter 

and longer trials revealed landmark displacement did lead to less weight being 

placed on visual landmarks, but the change was insignificantly small. A power 

analysis of the effect size suggested that I would have to increase my participant 

sample to an unrealistic number of people to reach a significant result, with the 

current paradigm. With this in mind, I made the decision to stop testing.  

6.2.3.2 Neuropsychological assessments. Participants’ paper assessments 

reflected standard findings for their age group, summarised in Table 6.2. 

Therefore, I am confident they are a typical sample of the population.  

6.2.3.3 Suitability of control trials. In order to measure the influence of 

reliability on performance accuracy, it was important to ensure that short trials in 

the current Study could be relied upon as a ‘control’ variable. It is particularly 

important to assess suitability here as the previous Study 6.1 in this chapter did 

not replicate previous findings. A mixed model ANOVA of mean RMSE from 

the current study and the results of Chapter 5, Study 6.2 revealed the current 

data replicated previous findings (no main effect of study: F(1,40) = 0.30, p = 
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0.599), for all conditions (no interaction of study and condition, p = 0.241) and 

finally that trial type influenced condition, as expected (p < 0.001). Further 

analysis was then performed with the confidence that the current dataset was as 

expected.  

6.2.3.4 Testing orders. Participant results were divided into two subgroups; 

those who performed the short condition first, and those who performed the long 

condition first. T-test comparisons revealed order effects (p = 0.036). The order 

in which participants completed the study had been counterbalanced, so the data 

were collapsed and all participants were analysed together. 

6.2.3.5 Mean response accuracy, effects of landmark reliability.  As expected, 

the type of trial affected performance (main effect condition: p < 0.001) and 

participants were most accurate when multiple-cues were available, compared 

with the most reliable single cue (Figure 6.2.2a), although only significantly so in 

long trials (short trials: landmarks vs. multiple cues p = 0.092. long trials: self-

motion vs. multiple cues p = 0.018). I expected landmark reliability – achieved 

my displacing the landmarks backwards – to affect performance error; however, 

this was not the case (no main effect distance, p = 0.74. No interaction of length 

and condition, p = 0.16). 

                                                           
9
 

Measure Mean 

 

Younger (SD) 

N 16 

Males 10 

Age in Years 22.3 (1.23) 

NART 33.63 (1.34) 

Corsi Blocks 6.02 (1.50) 

Table 6.2 Participant characteristics 
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6.2.3.6 Variable Error. Participants’ RMSE scores reflect both the constant 

errors made – such a penchant to over or underestimate, and a variable error – 

the scattering of responses, reflecting an uncertainty in response or a noise in 

signal. Bayesian integration serves to reduce such variable noise by integrating 

unimodal cues to reduce uncertainty. As Figure 6.2.2b demonstrates, 

participants were reduced the variance in their responses when multiple-cues 

were present in both short and long trials (although this effect was not large 

enough to be significant. short trials: landmarks Vs. MC: p = 0.084. long trials: 

self-motion Vs. MC:  p = 0.32) Therefore, trial type significantly affected 

performance (p = 0.0369). Figures 6.2.1 and 6.2.2b suggest that displacement of 

the landmarks marginally diminished the reliability of the landmarks; however, 

the effect of displacement was not large enough to significantly affect 

performance (p = 0.69; no interaction of trial type and displacement p = 0.129).  

6.2.3.7 Models of cue integration. During conflict trials, the landmarks were 

covertly rotated by 15° between the outbound and response phase so that sole 

use of landmarks vs. self-motion cues would predict two different response 

locations. Therefore, using the conflict trials data allowed me to determine the 

degree to which participants relied on each cue and to measure participants’ 

performance with a standard form of a Bayes optimal integration model. As it 

was possible that participants were not integrating landmark and self-motion 

information but rather computing their responses by alternating between the two 

information sources, the data were also compared with a model of alternation. 

Importantly, both cues could be used here; however, participants do not 

integrate the cues but use one or other of the single cues in isolation for any 

given trial. As seen in Figure 6.2.3, both models also predict a relationship 

between response variable error and cue weighting. Figure 6.2.3 demonstrates 

that younger adults’ performance was in accordance with (i.e. did not 

significantly differ from) the model of integration for both short and long trials 

(short: p = 0.428, long p = 0.782) and disagreed with the model of alternation 

(short: p < 0.001, long: p = 0.007). As a null hypothesis can’t be used to 

conclude null results, JZS factors confirmed optimal cue integration (short: 

Factor = 3.21, long: Factor = 4.06).  

a) b) 
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Figure 6.2.2 a) the group root mean squared errors (RMSE ± SEM) of relocation errors per 

condition (landmarks (LM), self-motion (SM) and both (Multiple-cues for short and long trials 

b) Group mean Standard Deviation (SD) for mean responses per condition for short and long 

trials. 

  

Figure 6.2.1. The posterior 

probabilities of visual (red), self-motion 

(blue) and combined inputs (green). X-

axis plots the group average response 

error (cm), and position on the x-axis is 

determined by average error for the 

group, for each condition. Y-axis 

shows the probability density, 

determined by the inverse of response 

uncertainty, or variable error. The top 

graph represents data from short trials, 

and the bottom graph represents data 
from long trials. 
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Figure 6.2.3 Model predictions vs. behaviour in the conflict condition. The arcs plot the 

means of functions predicting mean variances from different landmark weights (integration 

model) or landmark probabilities (alternation model). The x-axes correspond to progressively 

greater reliance on landmarks from 0 to 1. The points represent the observed mean SDs and 

mean relative proximities to the landmark-consistent locations, interpreted as landmark weight 

(integration model) or landmark probability (alternation model). 

Did the varying of landmark reliabilities influence participants’ performance? 

The model of integration predicts both a reduction in variable error and the 

optimal weights assigned to landmark and self-motion information, based on 

performance in the trials where each of these sources was relied upon (i.e. 

unimodal trials). In short trials, younger adults’ landmark weighting was 0.64, 

for long trials it was 0.62. The predictions of the Bayesian model of integration 

found the optimal weightings -  based on variable error in unimodal trials – was 

0.60 in short trials and 0.41 in long. Therefore, participants did not optimally 

weight landmarks in either the short or long condition (short: p = 0.0204, long p 

< 0.001). Comparing the weightings assigned to landmarks in short and long 

trials revealed there was a shift in line with the Study ’s hypothesis – less 
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influence was given to landmark information in longer trials (longer trials 0.62 

Vs. 0.64 for shorter trials). However, this effect was too small to be significant (p 

= 0.38).  

6.2.3.8 Decision to stop testing. Using the current participants’ performance, I 

ran a power analysis to estimate the number of participants likely needed to find 

results of significant effect size. The analysis revealed that approximately 116 

participants in each group would be needed, based on the currently collected 

data. Expanding the participant pool to this size is not realistic as time and 

financial considerations must be taken into account and the power analysis 

prediction is based on data from younger adults only, and may not accurately 

represent the older group. As older adults are known to be constantly noisier in 

their responses (Chapter 5), it is possible that noisier data would mean that a 

significant effect would not be found even if many more adults were tested. 

Furthermore, as discussed below (in the Discussion), the small effects found in 

this Study are likely the result of constraints and shortcomings with the 

paradigm, and so it would be of greater benefit to improve the methods than to 

simply greatly expand the sample size. 

 

6.2.4 Discussion 

For the control condition, younger adults replicated previous results and 

performed as expected in short trials. Participants integrated landmark and self-

motion information to reduce performance variability and error in an optimal 

fashion by a model of Bayesian integration. Therefore, the findings of short trials 

in the current study concurred with previous findings of optimal integration in 

younger adults (Nardini et al., 2008; Chapter 5). Participants adjusted their 

weighting of landmark information when the perceived reliability of the 

landmarks diminished (0.64 for shorter trials, 0.62 for longer trials). However, 

this shift was not optimal by the model predictions (predicted optimal weighting 

short: 0.60; long: 0.41), nor was the shift significant.  



186 
 

Participants integrated information in both reliability conditions, despite 

assigning a non-optimal weight to landmark and self-motion information when 

the landmarks were less reliable. This suggests that the integration of cues is 

somewhat flexible to changing landmark reliabilities. One explanation of this 

behavioural flexibility can be found by examining reliability weighting at a 

neural level. Beauchamp et al., (2010) hypothesised that sensory weighting – the 

strength of neuronal connections or ‘weighted connections’ between early and 

late sensory areas – vary depending on the reliability of the incoming sensory 

modality. They used blood-oxygen level dependent functional magnetic 

resonance imaging on human participants whilst the participants made 

judgements with visual and somatosensory stimuli. Beauchamp et al., found that 

sensory weights increased between the brain regions responsible for visual 

stimuli (visual cortex) and the multisensory processes area (intraparietal sulcus or 

IPS) in visually-reliable situations and connection weight between the 

somatosensory cortex and IPS increased for somatosensory-reliable stimuli. This 

flexibility in weighted connections at a neural level reflected behavioural 

responses to the stimuli and also may explain the underlying neural mechanisms 

that occur in other reliability weighted sensory processing – such as the visual 

and self-motion information in the current Study.  

Interestingly, predictions of optimal weighting – based on performance 

variability in unimodal trials – did change significantly with decreasing landmark 

reliability, providing support for this paradigm as a method to Study reweighting 

behaviour. Therefore, it is important to understand why my participants didn’t 

reweight landmark information sufficiently. One possibility is that younger 

adults do not reweight visual landmark information sufficiently in line with 

changing reliabilities. Whilst the results of the current Study suggest this may be 

the case, previous research has established that healthy younger adults can and 

do reweight visual inputs dynamically (van Beers et al. 2011; Berard et al., 2012). 

An alternative explanation is that participants did not reweight information 

sufficiently because they were not given enough opportunity to do so. Studies 

such as van Beers et al (2011) found participants reweighted visual information 

(using visual/haptic senses) according to its perceived reliability over 52 conflict 
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trials. Using the same scale of 0 – 1 for landmark proximities as the current 

study, they found participants reweighted their visual information by 0.18 

(similar to the predictions of the current study). Participants in the current Study 

were exposed to only 10 conflict trials, which may have been inadequate to 

observe a shift of any significance.  This having been said, other reweighting 

driven studies have varied stimulus reliability in blocks of six trials (Berard et al., 

2011) or trial-by-trial (Fetsch et al., 2009) and have shown younger adults 

optimally or near optimally reweight visual information, suggesting that such 

behaviour is possible with small trial numbers. These studies; however,  are 

desktop psychophysics studies, which by nature produce data with less noise and 

so the effects may be easier to identify than the current Study.  

 Limitations There was a small number of conflict trials presented which may 

explain why the expected shift in visual weights was not observed. Increasing the 

number of conflict trials would be impractical with the current paradigm because 

of time constraints. For example, van Beers et al. (2011, discussed above) 

presented 156 trials in 20 minutes. Conversely, the current Study required 50 

minutes of testing to present 40 trials. Increasing the testing time would place 

more physical exertion on participants. As fatigue is known to increase the risk 

of falls in older adults (Helbostad et al., 2007), increasing the physical demands 

was potentially problematic, particularly for the older group.  

A further limitation of the current study is the practicality of changing the 

landmark reliabilities. I decided that displacing the landmarks – making them 

less precise and so increasing the noise of the landmark signal – was the most 

successful way of changing the landmark reliability. Piloting with younger adults 

revealed that too much displacement resulted in a high level of error in LM 

trials. Reducing the length of displacement meant that performance in LM trials 

was still comparable to SM performance and therefore likely to produce 

successful integration (see appendix 8.3) but diminished any potential effect 

sizes. Therefore the distance chosen was a compromise. One alternative method 

I explored was ‘dimming’ the landmarks to alter their reliability. However, early 

piloting revealed that dimming the landmarks had little effect on how easy they 
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were to use, as it made them harder to see but not harder to use to calculate the 

location of Target 1 once they had been seen. Furthermore, dimming the lit 

landmarks may have had different – and uncontrolled/unknown – effects on 

individuals’ visual experience and therefore was not a workable option. 

Finally, the landmark reliability was constant for each half of the study, i.e. the 

reliability was blocked.  This method was chosen as older adults are known to 

have impaired ability to switch navigational strategies (Harris et al., 2012), 

which may have impacted on integration performance. Analysis revealed testing 

order effects, whereby the reliability of the landmarks in the first block presented 

tended to affect the perceived reliability of the landmarks in the second block. 

Whilst the order in which participants were tested (i.e. short-long vs. long-short) 

was counterbalanced, randomising the reliability of the landmarks on a trial-by-

trial basis may have eradicated this issue.  

Future Directions. Given that the models’ predictions of optimal landmark 

weightings significantly changed between short and long conditions, the 

paradigm is a sensitive method for measuring varying reliability and it would be 

interesting to extend the model into virtual reality. For a future Study , I would 

present the paradigm through a head mounted display (HMD) unit that allowed 

participants to walk in an ‘real world’ empty room, whilst viewing a constructed 

virtual environment. Similar to the current Study, a sparse situation with a few 

salient landmarks would be presented. To best investigate the most effective 

method of altering landmark reliability, landmarks could vary in noise by 

displacement – as with the current Study – and/or occluding vision with a virtual 

‘fog’. Further, the current Study displaced landmarks by one noticeable shift, as 

this was practical in the real world dark room. By using an HMD set-up, this 

idea could be enhanced by presenting a range of visual noise – where the 

extremities of the range could reveal when the shift in landmark reliability begins 

at one end, and when participants cease to integrate at the other. Finally, 

translating the method into virtual reality would shorten trial times, and 

therefore potentially facilitate many more repetitions of each trial type, especially 

conflict trials. This extension of the current Study would maximise the success of 
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using the established paradigm to measure the dynamic Bayesian weighting of 

landmark and self-motion information.   

 

6.3 Chapter conclusions 

This chapter set out to investigate how adults reweight sensory inputs according 

to their changing reliability, and how the process of ageing affects reweighting 

abilities. Study 6.1 concluded that landmarks exert less influence on spatial 

representations when it is deemed less reliable, consistent with a model of 

Bayesian integration. However, younger participants did not behave as expected 

in the control trials and whilst both age groups adjusted the influence landmarks 

had on computing spatial location, the adjustment was not sufficiently large to 

be optimal. As the results from younger participants could not be fully relied 

upon, Study 6.2 retested a group of younger participants. Findings revealed that 

younger adults integrated self-motion and visual information in both short 

(control condition) and long trials, and this was only optimal for the control 

condition. As with Study 6.1, participants did reweight the influence visual 

information exerted on spatial representations, but this was not optimal. Taken 

together, these studies suggest that the integration of multisensory information is 

reliability driven and is a dynamic process that can adapt to a rapidly changing 

environment. The findings suggest that either this dynamic process is not 

optimal, which should be investigated further with an extended paradigm. 

Overall, this chapter establishes that older adults are able to dynamically 

reweight information based on reliability driven principles, comparably to their 

younger counterparts.  
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Short Trials     

Statistical Test Outcome Significance 

Comparing current study to 

previous data 

  

Main effect of condition on 

RMSE 

F(2, 160) = 32.33 p < 0.001 

Main effect of age on RMSE F(1,80) = 58.84 p = 0.002 

Interaction of condition and 

study 

F(2,160) = 16.60 p = 0.094 

Interaction of condition and 

age 

F(2, 160) = 1.78 p = 0.714 

Main effect of Study on 

RMSE 

F(1,80) = 12.78 p = 0.001 

Interaction of condition and 

age and study 

F(2, 160) = 1.83 p = 0.633 

T-tests of original vs. current 

study for each condition – 

young 

SM: t(43) = 1.58 LM: t(43) = 

3.69 MC: t(43) = 2.94 

SM: p = 0.129, 

LM: p < 0.001, 

MC: p = 0.005 

T-tests of original vs. current 

study for each condition - old 

SM: t(37) = 1.66  LM: t(37) = 

0.78  MC: t(37) = 0.94 

SM: p = 0.100, 

LM: p = 0.443 

MC: p = 0.357 

Difference in optimal 

weighting of landmarks 

between studies 

Younger:  t(43) = 2.75, Older 

t(37) = 1.55 

Younger:  p = 

0.036, Older: p 

= 0.100 

   

   

RMSE ANOVA, age x 

distance x condition 

  

Main effect of distance F(1, 37) = 3.51 p = 0.069 

t-test of LM in short/long younger:  t(20) = 2.96, old: 

t(17) = 0.78 

younger:  p = 

0.008, old: p = 
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0.451 

Main effect of condition F(1.79, 66.55) = 19.34 p < 0.001 

Interaction of condition and 

distance 

F(2, 74) = 1.03 p = 0.365 

Main effect of Age F(1, 37) = 19.62 p < 0.001 

Interaction of age and 

condition 

F(2, 74) = 1.33 p = 0.3758 

Interaction of condition and 

distance and age 

F(2, 74) = 0.14 p = 0.877 

t-test of single most reliable 

cue (LM) Vs MC. Short 

Younger:  t(20) = 1.31, old: 

t(17) = 2.76,  

younger:  p = 

0.2024, old: p = 

0.013 

t-test of single most reliable 

cue (LM)  Vs MC. Long 

Younger:  t(20) = 3.61, old: 

t(17) = 3.57 

younger:  p = 

0.0017, old: p = 

0.0023 

t-test of SM and MC 

short/long (for reference) 

Younger:  SM t(20) = 1.56, 

MC t(20) = 1.36 Old: SM 

t(17) = 0.53, MC = t(17) = 

0.044 

Younger SM p = 

0.145, both p = 

0.19. Old: SM p 

= 0.605, MC p = 

0.972 

   

Variable error ANOVA, age 

x distance x condition 

  

Main effect of distance F(1,37) = 0.17 p = 0.681 

t-test of LM in short/long Younger:  t(20) = 2.67, Old: 

t(17) = 0.66 

Younger:  p = 

0.015, Old: p = 

0.528 

Main effect of condition F(2,74) = 6.75 p = 0.020 

Interaction of condition and 

distance 

F(1,37) = 0.98 p = 0.766 

Main effect of Age F(1,37) = 10.29 p < 0.001 

Interaction of age and F(2,74) = 1.47 p = 0.241 
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condition  

Interaction of condition and 

distance and age 

F(2,74) = 0.84 p = 0.428 

t-test of single most reliable 

cue (LM) Vs MC. Short 

Younger:  t(20) = 0.87, Old: 

t(17) = 1.98 

Younger:  p = 

0.391, Old: p = 

0.064 

t-test of single most reliable 

cue (SM) Vs MC. Long 

Younger:  t(20) = 1.87, Old: 

t(17) = 1.92 

Younger:  p = 

0.046, Old: p = 

0.045 

t-test of SM and MC 

short/long (for reference) 

Younger:  SM t(20) = 0.16, 

MC t(20) = 0.79 Old: SM 

t(17) = 0.13, MC = t(17) = 

0.80 

Younger SM p = 

0.877, both p = 

0.443. Old: SM 

p = 0.901, MC p 

= 0.439 

   

Cue Integration models   

Young   

Rprox Short: 0.64, Long: 0.62  

Difference in weighting 

between short and long 

t(20) = 1.037 p = 0.311 

Integrating - short t(20) = 3.99 p < 0.001 

Integrating - long t(20) = 0.58 p = 0.578 

Alternating - short t(20) = 1.29 p = 0.214 

Alternating - long t(20) = 5.14 p < 0.001 

JZS Bayes Factor for optimal 

integration 

Factor = 4.06  

JZS Bayes Factor for optimal 

weighting 

  

Optimal Weighting - short t(20) = 0.40 p = 0.701 

Optimal Integration -long t(20) = 7.20 p < 0.001 

Difference in weighting 

between short and long 

t(20) = 1.04 p = 0.311 
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Old   

Rprox Short: 0.59, Long: 0.56  

Difference in weighting 

between short and long 

  

Integrating - short t(17) = 0.98 p = 0.346 

Integrating - long t(17) = 0.11 p = 0.926 

Alternating - short t(17) = 6.22 p < 0.001 

Alternating - long t(17) = 3.02 p = 0.008 

JZS Bayes Factor for optimal 

integration 

Short: Factor = 2.70, Long: 

Factor = 4.09 

 

JZS Bayes Factor for optimal 

weighting 

  

Optimal Weighting - short t(17) = 3.07 p = 0.007 

Optimal Weighting -long t(17) = 6.12 p < 0.001 

Difference in weighting 

between short and long 

t(17) = 0.99 p = 0.332 

Table 6.1.1 Statistical outcomes for results presented in Study 6.1 
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Statistical Test Outcome Significance 

Comparison with previous 

findings 

  

Main effect of study F(1,40) = 0.30  p = 0.596  

Main effect of condition F(2, 80) = 16.23 p < 0.001 

Interaction of condition and 

study 

F(2, 80) = 1.37 p = 0.265  

   

Mean performance accuracy    

Main Effect of trial type on 

response 

F(2, 33) = 8.05 p < 0.001 

Main Effect of distance on 

response 

F(1,16) = 0.15  p = 0.741  

Interaction of condition and 

distance 

F(2, 33) = 1.91 p = 0.161  

T-test for order effects  t(16) = 3.14 p = 0.036 

t-tests of single most reliable 

cue Vs. MC 

Short trials: landmarks Vs. MC 

t(16) = 1.78, p = 0.092. long 

trials: self-motion Vs. MC t(16) 

= 2.59, p = 0.058) 

 

   

Variable Error   

Main Effect of trial type on 

response 

F(2, 33) = 3.56 p = 0.036 

Main Effect of distance on 

response 

F(1, 16) = 1.14 p = 0.692  

Interaction of condition and 

distance 

F(2, 33) = 2.26 p = 0.129 

   

t-tests of single most reliable 

cue Vs. MC 

Short trials: landmarks Vs. MC 

t(16) = 1.83, p = 0.084. long 
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trials: self-motion Vs. MC t(16) 

= 1.032, p = 0.32) 

   

Cue integration models   

Rprox short: 0.64, long: 0.62  

Difference in weighting 

between short and long 

t(16) = 0.90  p = 0.387  

Integrating - short t(16) = 0.50 p = 0.428 

Integrating - long t(16) = 0.11 p = 0.782  

Alternating - short t(16) = 4.66 p < 0.001 

Alternating - long t(16) = 3.12 p = 0.007  

JZS Bayes Factor for optimal 

integration 

Short: 3.21, Long: 4.06  

JZS Bayes Factor for optimal 

weighting 

  

Optimal Integration - short t(16) =  0.48 p = 0.482  

Optimal Integration -long t(16) = 7.60 p < 0.001 

   

Table 6.2.2 St
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7.1.1 Research questions. The central question I asked at the beginning of  this 

thesis was how ageing affects the mechanisms of  integration during navigation. 

In order to answer this question, I divided it into two research questions; (a) how 

does ageing affect the components of  self-motion and their integration? (b) How 

does ageing affect the integration of  this self-motion with external visual 

information? To answer the first research question, Chapters 3 and 4 presented 

tasks that required participants to use kinaesthetic, optic flow and/or vestibular 

information to estimate path lengths in three move-to-target path integration 

tasks. Comparing different idiothetic cues allowed me to investigate age-related 

impairments and also age-related changes to their integration. To answer the 

second research question, Chapters 5 and 6 presented younger and older adults 

with a simple homing task that required the use of  visual landmarks and/or self-

motion information – presented congruently and incongruently – to pinpoint 

integration of  different cues and their relative influence on locational estimates. 

Chapter 5 established that both younger and older adults integrate self-motion 

and landmark information, and Chapter 6 extended these findings and the 

research question by investigating whether weighting of  visual and self-motion 

cues were flexible to changes in the reliability of  visual information. Findings 

from these studies are summarised below. 
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 7.1.2 How ageing affects the components of path integration and their 

integration 

Chapter 3. To begin to establish an answer to my first research question, I 

presented two studies in Chapter 3 which assessed the relative contributions of  

vestibular and proprioceptive information to unsighted path integration. Study 

3.1 presented a move-to-target task, where participants used proprioceptive and 

vestibular information. Findings revealed little effect of  ageing suggesting that 

the path integration abilities of  older adults are not impaired when kinaesthetic 

cues are used. As kinaesthetic cues are a combination of  vestibular and 

proprioceptive inputs, it is possible that the combination of  the two sources 

provided compensation for deficits in each sense – which is investigated in Study 

3.2. 

Study 3.2 investigated two questions; what are the effects on age on the 

contribution of  vestibular information? And, does the presence of  proprioceptive 

and vestibular information alter the performance of  younger and older adults? 

Findings revealed that vestibular contributions to path integration were 

significantly impaired in older adults. However, when both proprioceptive and 

vestibular inputs were used, this age deficit disappeared and old age had little 

effect. Importantly, older adults showed enhanced integration and improved 

significantly more than younger adults between the two conditions. Taking the 

two studies together, these findings suggest that there are age-related 

impairments in the systems that contribute to path integration, but that the 

integration of  different inputs can compensate for these deficits. 

Chapter 4. Chapter 4 presented a move-to-target task that also incorporated optic 

flow information.  Findings revealed no effect of  age; older adults were less 

prone to overshooting and performed as accurately and consistently as their 

younger counterparts. These findings support those of  Chapter 3 and suggest 

that path integration along simple linear trajectories is not affected by the ageing 

process. This is possibly because the process of  multisensory integration is 

somewhat forgiving of  age-related deficits in the systems that make up path 

integration. 
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7.1.3 How ageing affects integration of self-motion and visual landmarks 

Chapter 5. The second research question investigated how self-motion was 

integrated with visual landmarks and, specifically, the effects of  old age on how 

this information was integrated. Participants used self-motion and/or visual 

landmarks in a simple homing task. In a subset of  trials, self-motion and 

landmarks were incongruent during the participants’ return journey which 

allowed me to assess the influence that self-motion and landmarks exerted on 

spatial computations (i.e. the weighting). Study 5.1 (the pilot study) revealed that 

younger and older adults integrated self-motion and landmark information to 

reduce their error and uncertainty, but that this was only optimal in younger 

participants. Older adults did not place enough weighting on landmark 

information as predicted. Study 5.2 used the same paradigm as Study 5.1, with 

minor changes, and incorporated a measure of  balance on performance. 

Findings revealed no effects of  balance; suggesting older adults’ spatial 

impairments were not a result of  underlying balance deficits. However, both 

younger and older adults in Study 5.2 integrated self-motion and visual 

landmarks to become more accurate and lower their response variance, in 

accordance with Bayesian principles. Younger adults assigned an optimal weight 

to visual information, but older adults did not place enough weighting on 

landmarks as would have been optimal. Interestingly, older adults placed the 

same weighting on landmarks as their younger counterparts suggesting either 

that they may be unaware that this was not optimal, or the underlying neural 

networks were not able to reweight information. 

Chapter 6. Participants completed the same dark room homing task, but I varied 

the reliability of  the visual landmarks, in order to investigate the potential effects 

of  ageing on the plasticity of  reweighting of  visual information. Study 6.1 found 

that younger and older adults were sensitive to the changing reliability of  the 

visual cues, and reweighted visual landmark information in line with reliability. 

However, participants did not adjust their responses as much as was optimal. 

Younger adults did not perform as expected in control trials, alternating between 

information sources. Therefore, in Study 6.2, I tested a group of  younger 
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participants with the same paradigm. In this study, younger adults optimally 

integrated sensory cues during control trials, and decreased the weight given to 

visual information, in line with Bayesian predictions. Reweighting was still not 

optimal, suggesting that younger and older adults are sensitive to the changing 

reliability of  visual information, and thus further investigation is needed to fully 

explore reweighting behaviour. 

7.1.4 Summary. The first studies in this thesis highlighted that age-related 

deficits in navigation, often seen as inconsistent in the literature, are often 

dictated by the availability of  different cues. My findings suggest that age does 

not have a profound impact on path integration abilities when multiple cues are 

available. The latter studies (presented in Chapters 5 and 6) highlight that older 

adults are capable of  multisensory information, but that integration is not 

entirely optimal, as older adults were consistently less accurate that younger 

adults, and impaired at weighing inputs appropriately. Considering my findings 

across chapters highlights two important factors in determining age-related 

deficits: the sensory inputs available to the navigator, and the complexity of  the 

task. 

 

7.2 Implications of findings 

7.2.1 Availability of sensory inputs. It was my intention to bring together much 

of  the existing path integration literature, which often uses varying subsets of  

sensory cues, and examine the integration of  cues in older adults using different 

inputs and in different tasks. As I have described in Chapters 1, 3 and 4, the 

current path integration literature often uses the term ‘path integration’ to 

describe tasks that rely on solely optic flow (Mahmood et al., 2009; Harris and 

Wolbers, 2012), kinaesthetic cues (Loomis et al., 1993; Allen et al., 2004), 

vestibular cues or a combination of  these (Adamo et al., 2012), yet often suggest 

that the particular sensory inputs available can drastically change the observed 

age-related deficits. Chapters 3 and 4 established this is indeed the case; older 

adults especially are impaired when relying on a single sensory input (in this case 
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vestibular) but age-related deficits are minimal when multiple processes that 

make up path integration are present. In Chapter 5, Study 5.2, I found that older 

adults showed an enhanced integration of  vestibular and proprioceptive 

information, performing significantly better when more information was 

available, compared with their younger counterparts. While I am the first (to my 

knowledge) to establish this in a navigation context, previous audio-visual studies 

suggest that older adults are able to ‘enhance’ their integration by using the 

combination of  cues to compensate for diminished unisensory processing 

(Laurienti et al., 2005). It is therefore possible that older adults did not show 

performance deficits when multiple cues were available as a result of  successful 

integration.  

7.2.2 Task complexity. Findings in Chapters 3 and 4 suggested integration could 

serve to minimise age-related deficits in path integration. However, in Chapters 5 

and 6, older adults were consistently less accurate than younger adults during 

trials that relied on self-motion information, presenting a potential discrepancy 

in my findings. Although the task presented in Chapters 5 and 6 relied on an 

element of  spatial working memory, which is known to decline with age 

(Salthouse, 2010), the discrepancy is unlikely to be a result of  diminished spatial 

working memory as the Corsi-block task measure found a very weak relationship 

between spatial memory and navigational accuracy. Therefore, the observed 

navigational deficits in older adults are probably not chiefly a spatial working 

memory problem. Alternatively, small-scale desktop/paper-based tests may be 

poor predictors of  performance in navigational tasks, as indicated by previous 

work on individual differences in navigational abilities (Hegarty et al., 2006). 

Spatial working memory could be better gauged with three-dimensional tasks, 

such as the walking Corsi-block tapping test (Piccardi  et al., 2008).  Interestingly, 

the success of  assessing spatial working memory using a three-dimensional 

predictor of  performance in navigational tasks is yet to be considered in the 

context of  ageing. Weaker performance during self-motion trials in older adults 

is also unlikely to be the result of  the darkness of  the testing environment as age 

has little effect on the firing of  place fields that underlie spatial representations in 
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the dark (Markus, 1994).  Therefore, the less accurate self-motion observed in my 

older adults is most likely to be explained by the task itself.  

In Chapters 3 and 4 participants were required to use path integration to 

reproduce a linear trajectory, the simplest form of  locomotion. In Chapters 5 and 

6 participants were required to use path integration to complete a homing task 

that also involved rotations. Similar studies suggest that adults are less consistent 

in their self-motion during tasks that  included rotations (Chen and McNamara, 

2014), and that older adults are particularly impaired at using kinaesthetic 

information or optic flow to make rotation estimations (Allen et al., 2004; Harris 

and Wolbers, 2012). Although there was never an ambiguity of  orientation in the 

dark room tasks used in Chapters 5 and 6, and it was not required in the 

response, it is possible that rotations during the outbound phase added to the 

noise in the responses. Movement reliant on self-motion is particularly affected 

by cognitively demanding rotations (Mahmood et al., 2009; Chen and 

McNamara, 2014), which is known to be problematic in older adults (Li and 

Lindenberger, 2002). As a result, the presence of  rotations in the task may have 

diverted attention away from making locational estimates in older adults. 

Interestingly, the relationship between ageing and increased cognitive demand 

has not been explored in a navigational context. As most everyday navigation 

requires rotation and multiple changes in the orientation of  the navigator, a 

useful future direction would be to investigate age-related deficits in rotation. A 

future direction could assess the relative contribution of  rotation error in spatial 

updating and overall error of  location finding in old age.  

When navigating linear paths, it seems that the process of  integration can 

compensate for impaired components and eradicate age-related deficits in path 

integration abilities, as seen in Chapters 3 and 4. Cue-combination also reduces 

noise and uncertainty in both younger and older adults (Chapter 5), despite the 

weighting of  each cue being suboptimal (Chapter 5), but older adults do not 

perform as accurately or consistently as younger adults, suggesting that age-

related impairments remain. As the task presented in Chapters 5 and 6 was more 

complex and mentally and physically demanding, my findings together suggest 
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that integration and its potentially compensatory role are effective in reducing 

error to a point, but that integration cannot preserve the navigational system 

from the effects of  old age.  

7.2.3 Neuronal implications. In my latter studies, older adults were consistently 

less accurate at locating the target across all conditions, compared with the 

younger adults. Such decrease in accuracy supports previous findings of  age-

related decline in performance during spatial navigation tasks (Newman and 

Kaszniak, 2000; Allen et al., 2004; Harris and Wolbers, 2012). As older adults 

were impaired in their navigation based on both visual landmarks and self-

motion, and such error was tightly linked to variability, they may well be a 

consequence of  high-level, multimodal representations of  spatial location 

becoming noisier therefore more unreliable.  

Such representations are likely to involve the systems coding for orientation and 

location in rodents and primates; such as head direction cells in the retrosplenial 

and entorhinal cortices and the thalamus, grid cells in medial entorhinal cortex 

and hippocampal place cells (Taube et al., 1990; Ekstrom et al., 2003; 

McNaughton et al., 2006; Killian et al., 2012). Governed by orientation 

information from head direction cells, grid cells are largely responsible for 

computing spatial location from self-motion inputs, and place cells combine 

these estimates with landmark information from the lateral entorhinal cortex. 

The retrosplenial cortex – vital in processing landmark information for accurate 

head direction cell orientation – deteriorates with age (Moffat et al., 2006).  

Damage to the area decreases the control landmarks have over the cells’ 

preferred firing directions in rats (Clark et al., 2010), resulting in severely 

impaired human navigation (Osawa et al., 2008). Degeneration of  the 

anterodorsal thalamus may be a key factor in the loss of  spatial memory (van 

Groen et al., 2002) that older adults commonly experience. Increased noise 

within the head direction system, which influences the grid and place cell 

systems, may compromise the precision of  these higher order networks. 

Additionally, research with mammals has shown that neurons in layer II of  

entorhinal cortex – where grid cells are abundant – are especially vulnerable to 
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the damaging consequences of  ageing and Alzheimer’s disease (Stranahan and 

Mattson, 2010), adding to the noise within the neural network underpinning 

spatial cognition.  ageing place cells show reduced plasticity (Froc et al., 2003), 

making them less capable of  relating estimates of  location to external landmarks 

(Wilson et al., 2004). Place field maps of  older rats are sensitive to unreliability 

and spontaneous changes (i.e. multi-stable; Wilson et al., 2004) in even familiar 

environments (Barnes et al., 1997); that result in less precise representations and 

make the place field maps particularly vulnerable to neuronal noise and 

noise/inconsistencies in sensory inputs. Altogether, these profound alterations in 

the entorhinal–hippocampal network are likely to have a substantial impact on 

the reliability of  positional computations, which in turn drives a diminished 

accuracy of  internal representations, manifested in the behaviour of  older 

participants. Such effects are unlikely to be specific to small-scale spatial tasks. 

As noisier representations have also been seen in older people during working 

memory tasks (Vandermorris et al., 2013), my findings probably reflect a more 

general age-induced deficit in cognitive mapping, which needs to be understood 

more fully. 

7.2.4 Wider implications. We live in an increasingly geriatric society, with older 

populations becoming increasingly common in developed countries (Brody et al., 

1987). There are currently 10 million people over the age of  65 years old living in 

the UK and this is likely to nearly double by 2050. The number of  very old grows 

even faster; currently there are three million adults aged over 85 years living in 

UK, which is projected to double in the next 15 years. With one in six people 

currently classed as ‘old’ and numbers rapidly rising, age-related research is 

clearly paramount.  

My research in this thesis, along with a wealth of  scientific literature, has 

highlighted that older adults are not necessarily impaired in many simple tasks, 

but when tasks are cognitively demanding the consequences of  old age quickly 

become apparent (Allen et al., 2004; Harris and Wolbers, 2012; Adamo et al., 

2012). Such studies highlight important cognitive differences in younger and 

older adults, yet so much research draws its conclusions from experiments that 
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test only younger people (typically 18 – 30 years old). Even within the spatial 

navigation and ageing field, there are many gaps in knowledge (such as those I 

initially addressed with this thesis). Given our rapidly ageing society, research 

needs to ensure that testing incorporates this growing demographic as standard. 

It is especially important to address the issue of  ageing when constructing tasks 

that have some intrinsic cognitive demand, such as navigation and spatial work. 

Ensuring that studies were suitable for and incorporating younger and older 

adults would therefore be advantageous to furthering scientific knowledge, and 

should be considered for future research efforts, especially in the field of  spatial 

navigation and aging, where healthy ageing produces a marked decline in 

abilities, and where navigation is one of  the primary casualties of  pathological 

ageing.  

Although many adults age healthily, it is paramount that we understand how 

ageing affects navigational abilities, and the structure and function of  the 

underlying networks and neural regions. If  we have a thorough knowledge of  

what to expect in healthy aging, it becomes easier to recognise deviations from 

normality and potentially identify and intervene as early as possible. It is well 

documented that Alzheimer’s disease (AD), which affects one in 14 people over 

the age of  65 yeah in the UK, affects navigational abilities. The hippocampus is 

one of  the primary regions of  the brain damaged by AD, therefore one of  the 

markers for the disease – and in milder form MCI (MCI) – is a loss of  accuracy 

in location finding (Cushman et al., 2008), spatial learning (Scearce-Levie, 2011) 

and spatial memory (Carlesimo et al., 1994; Sun et al., 2005). Interestingly, such 

deficits may be a consequence of  both general spatial mapping abilities, combing 

self-motion to landmark estimates and difficulties in interpreting basic visual 

inputs, such as optic flow (Tetewsky and Duffy, 1999). Therefore, it is likely that 

patients of  AD and MCI would have difficulties in even estimating distance 

along linear trajectories or using visual landmarks as guides, potentially making 

even the simplest tasks problematic. Research shows that early intervention is 

vital to improving the conditions of  a patient with Alzheimer’s type dementia or 

MCI. If  we can identify where the effects of  old age deviate from normal, such 

as with the ability to traverse linear paths, then identifying the earliest signs of  
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disease becomes easier. Therefore, findings such as those in this thesis may 

provide some way of  helping to lessen the disastrous consequences of  

pathological ageing.   

 

7.3 Limitations  

7.3.1 Variability of data. To fully investigate how age affects the mechanisms of  

spatial cue integration, the studies in this thesis are focussed around real-world 

navigation. All the studies presented in this thesis examined participants’ error 

and also the variable error – that is the noise or uncertainty associated with a 

response for each trial. Calculating this required repetitions of  the same trial 

type, and the stability of  these calculations relied upon the number of  repetitions 

performed as more repetitions reduces the influence each data point has on the 

overall outcome, and so makes the data as a whole more robust to potentially 

rogue data. Furthermore, Chapter 6 demonstrated that more repetitions of  a trial 

type would potentially have been necessary for participants to adjust to changing 

reliability of  visual information. As real-world studies are by nature time 

consuming to test, it placed a practical limit on the number of  repetitions of  each 

trial type that could be completed. 

Given that older adults tend to tire quicker than younger adults and, especially in 

the case of  Chapter 4, there was a limited time frame for testing owing to 

booking equipment and testing assistants, testing across multiple sessions was 

not a practical solution throughout my thesis. More repetitions of  each trial type 

would be achievable in virtual reality, where trial times could be made shorter. 

For example, each trial in Chapter 3 (both studies) took approximately a minute. 

Each trial in Chapter 4, where virtual reality was used, each trial took around 30 

seconds. 

7.3.2 Limitations of the Bayesian models. One of  the primary limitations of  

the Bayesian models of  integration is that they only describe and highlight age-

related deficits, without shedding any light on why these deficits occur. In short, 
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they do not explain age-related changes to integration. However, Bayesian 

models can still be used to show behavioural patterns in younger and older 

adults, and introducing tasks such as presented in Chapters 5 and 6 to 

participants whilst they are in an fMRI scanner could yield some interesting 

results. The task would be presented in a virtual reality and the Bayesian models 

could then be used to explore behavioural habits, whilst the fMRI data would 

measure hippocampal activity to investigate the underlying spatial systems.  

 The Bayesian model relied upon observed noise in unimodal trials to make 

predictions about integration behaviour in bimodal trials, and also the observed 

noise in conflict trials to compare against predictions. However, the model does 

not allow for precisely detecting the source of  the observed variance. Observed 

noise may have come from a variety of  sensory or cognitive sources, such as the 

processing of  visual information, or the perception of  landmarks. Yet 

distinguishing between these potential sources of  perceptual/cognitive noise is 

beyond the scope of  the model, and would most likely involve a virtual reality 

environment and the monitoring of  brain activity by neurophysiological 

measures. Notably, there are some sources of  noise – such as moto-effector noise 

during motion in the response phase – which were not an influential factor in the 

findings. A fundamental assumption of  the Bayesian model is that the 

integration of  multiple cues will reduce all internal noise. However, any sources 

of  noise (such as motor noise) that occurred after locational estimates had been 

made (i.e. a decision about where the target was) are likely to contribute to the 

overall observed noise, but will not have been reduced when multiple cues were 

present. Therefore, such noise would not follow the Bayes’ predictions that my 

data are consistent with. Furthermore, it would have been consistent throughout 

all conditions (as the task remained constant) and therefore would only add to 

overall noise observed, but not any cue-dependent error. 

As detailed above, I focussed on the noise associated with spatial location. The 

task required no computed knowledge of  orientation as the targets were clearly 

marked (so rotation on the outbound was guided) and they were reorientated  

during self-motion conditions where landmarks were not a guiding factor. 
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However, orientation information is adversely affected by the ageing process 

(Allen et al., 2004; Harris and Wolbers, 2012; Adamo et al., 2012) and so would 

be a worthy candidate for future consideration. 

Finally, the Bayesian model of  integration uses the variable error from 

participant responses in unimodal trials to predict optimal behaviour in bimodal 

trials. These predictions were then compared with the variable error of  responses 

during conflict trials for each age group. Therefore, the model predictions and 

comparisons are based on noise, which in itself  can make them less reliable. For 

example, older adults performed with more variance/noise overall and therefore 

the data used to calculate the models’ predictions were noisier, leading to less 

precise predictions. In short, the predictions themselves were less reliable for the 

older group. 

 

7.4 Future directions.  

Taking my results together suggests that the type of  task and cognitive demand 

are vital to age-related deficits in performance. However, the role of  cognitive 

demand in spatial tasks is currently unclear. Further research efforts should be 

made to test the effect of  increasing cognitive demand on spatial updating. This 

could be done using a treadmill and virtual-reality. Younger and older 

participants would complete a task in which they viewed varying numbers of  

targets (for example 1 – 4 targets) from a stationary position, before walking a set 

distance (which could also vary). For a response, participants would indicate the 

position of  one of  the targets, relative to their current location, i.e. where is target 

x from your current location? By also being asked to recreate the distance 

participants had just walked, the effects of  cognitive demand on spatial updating 

and path integration would be measured. I hypothesise that greater cognitive 

load will decrease the accuracy of  spatial updating in both groups more than 

path integration, but that both would be affected more in older than in younger 

participants.  
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The flexibility of  the weights assigned to visual and self-motion information was 

preliminarily explored in Chapter 6 and the findings were promising. Since my 

testing, Chen and McNamara (2014) published comparable findings in younger 

adults, using a paradigm very similar to mine, but in virtual reality using a head 

mounted display unit (HMD). As suggested in my discussion of  Chapter 6, 

utilising such a set-up could also be successful for studying reweighting and old 

age further. Younger and older participants would perform a homing task, 

gaining self-motion cues from walking around a real environment and optic flow 

information from viewing a virtual reality through the HMD. The environment 

would look similar to Figure 7.1. The reliability of  the landmarks would be 

varied from trial to trial both by a ‘fog’ in the environment, and by displacing 

them both forwards and backwards from the participant, to make them both 

more and less salient than the control trials. Chen and McNamara found that 

adults altered the weight assigned to landmark information in line with varying 

landmark reliability, but that this was not always optimal. I suggest this is due to 

the small number of  conflict trials presented not penetrating through the 

adjustment period that adults need. Therefore, a future study would incorporate 

many more conflict trials over gradually varying landmark reliabilities, to 

measure (a) whether integration is optimal after a time, and how long the 

Figure 7.1 taken from Chen and McNamara, 2014. The diagrams provide an example 

environment in HMD, to test reliability driven integration and old age. 
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adjustment period is and (b) the full range of  adjustment, from small to large 

discrepancies in reliability. 

7.5 Conclusion 

Throughout the studies presented in this thesis, I have established that older 

adults benefit significantly from integrating multiple cues during navigation but 

such integration is not entirely optimal, and older adults suffer when sensory 

inputs are sparse. This may be due to a reduced plasticity in their ability to 

weight each source of  information by its reliability, and so they are less able to 

adapt to changing situations that are commonly experienced in everyday life. 

Diminished integration in older adults was especially apparent when the task 

was more cognitively demanding than path integration along linear trajectories. 

The deficits I found were not a result of  diminished working memory or balance 

deficits and they were present when both visual landmarks and self-motion cues 

were present to complete the task. Further, there was a strong relationship 

between error and variability suggesting the diminished performance found in 

my older adults is likely to be a result of  high-level, multimodal representations 

of  spatial location in the underlying neural networks becoming noisier and 

therefore less reliable with old age. 

I set out to study the effects of  age on multisensory integration during 

navigation. Crucially, much of  the current literature draws conclusions about 

everyday navigation based on desktop virtual reality tasks or using only a subset 

of  navigational senses. I therefore carried out each study with a mind to keep the 

tasks comparable with everyday situations and I feel I was successful in this 

endeavour. Although I found some age-related deficits throughout the studies in 

my thesis, path integration abilities appear promisingly intact in healthy old age. 

Even when participants were deprived of  all but vestibular inputs they were 

relatively unimpaired, which marks a distinct difference with pathological 

ageing. All things considered, navigational decline will not impede our quality of  

life if  we are lucky enough to enjoy a healthy old age.  
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The correlation between age and error was plotted to examine any effects of age 

within the older group of participants. A minimal, non-significant relationship 

was found across all conditions. Full statistics are reported in Table 5.1.2 and 

described in section 5.1.3.3 of Chapter 5. 
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