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Technologically Assisted Wayfinding: Comparing the Effects of Optical Head
Mounted Displays and Hand-held Global Positioning Systems
on Spatial Cognition and Wayfinding Performance

CHAPTER 1 – INTRODUCTION

Introduction
Since the advent of mobile computing, technology has commanded an everincreasing presence in daily life. Smart phones, mobile tablets or other portable
devices such as smart watches, have found increasing popularity in many people’s
lives (Manwaring & Clarke, 2015). These new technologies have an effect on the
quality and the type of interaction people have with their environments. It can also
be argued that these devices affect the aesthetic of the environment itself, if not the
experience that people have in them. This impact is creating considerable interest
on the part of designers and researchers to understand the nature of these effects
(Uzelac, Gligoric, & Krco, 2015).
For example, studies have shown that extensive mobile phone use can have a
profound effect on human cognition (Hadlington, 2015), while others have shown
prolonged GPS use reduces spatial memory (Konishi & Bohbot, 2013). One of the
areas of interaction and environment that technology is having an effect is in
wayfinding. Mobile devices such as smartphones have, since their conception, been
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lauded as a potential boon to wayfinding. Since they are audible, portable, and can
be scaled easily, they offer a solution to navigational problems faced by elderly or
physically impaired people, as well as non-impaired people alike. Advances in
Global Positioning Systems (GPS) have allowed navigation functionality to become
integrated not only in phones, but in watches and other apparel accessories and
appliances. Many of these advances are related to reduced size and costs. The
International Panel on Climate Change estimates that speed and power of locational
technology has increased at an annualized rate of 30% per year since 2005,
miniaturized at roughly the same rate, while dropping precipitously in costs (Funk,
2015).
Little research, however, had been undertaken with these devices due to
their novelty. Only recently have studies begun to appear that examine the utility of
Google Glass (Moshtaghi, Kelley, Armstrong, Ghavami, Gu, & Djalilian, 2015), and
these are mostly in the context of medicine. Further, the methods related to the
study of Google Glass, GPS, and other wayfinding technologies remain largely rooted
in the methods of map-based wayfinding. Sketch maps and image tests are the
primary tools used by researchers. Recently, fMRI imaging has been implemented
mostly within the neuroscientific side of spatial cognition, but it has been criticized
by environmental behaviorists because the equipment is lab-based and cannot be
utilized in the field (Logothetis, 2008).
Likewise, the current rate of technological change far outpaces the ability for
researchers to study its effects. This creates a compounding research deficit. Indeed,
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the prevailing software development philosophy of Silicon Valley is the so-called
“Agile Methodology,” where technology is developed in a team-driven, distributed
and collaborative environment. The goal of these Silicon Valley methodologies is
small, iterative and derivative steps with frequent and multiple releases
(Magdaleno, de Oliveira Barros, Werner, de Araujo, & Batista, 2015). While this
method has proven to be effective in increasing tech worker productivity, it relies
on the users, or the public, to act as test cases and to provide quality control
feedback. Thus, the pace of development far outruns the pace of research. The
current study is important in that the project attempts to explore some of the
corollary effects of rapid development of wearable technology.
Finally, since wayfinding is ultimately a spatial phenomenon, new methods
and tools from Geography are slowly being applied. This is discussed in the
literature review in depth, but Geospatial Information Systems hold much promise
to help quantify the study of wayfinding as an augmentation to the methods already
employed. This technology is employed in the current study. Wayfinding is an area
of human behavior that is claimed by many disciplines, chiefly Environmental and
Interior Design, Environmental Psychology, and Neuroscience. Each discipline’s
perspectives are unique, but also demonstrate a great deal of overlap. Geospatial
technology can provide a more objective, data-driven approach that is disciplineblind, since it has the power to leverage large data sets that are necessary when
studying environmental phenomena on the individual, human scale.

4
Problems, Justification, and Objectives
Problems
The first major studies on the effects of GPS on spatial cognition were only
conducted as recently as 2008. In fact, until 1978, it was unknown as to which
structures of the brain were responsible for spatial cognition. Therefore, the study
of the neurocognitive side of wayfinding behavior is a young branch of science. For
example, previous studies (Ishikawa, Fujiwara, Imai, & Okabe, 2008; Willis,
Hölscher, Wilbertz, & Li, 2009) have shown that wayfinding with technological aids
is not always easy and does not always result in better wayfinding performance.
Also, some research has shown that overreliance on wayfinding aids is antagonistic
to the development of spatial memory (Bohbot, Iaria, & Petrides, 2004). This specific
research area is still very new and is an active area of inquiry. While previous
studies have looked at technological mediations to assist and mitigate the difficulty
in wayfinding, there have been few studies that also compared the effects of the use
of these devices on spatial memories. Wayfinding technologies, whether they are
analog or digital are designed to aid in wayfinding efficiency. But this assistance
comes at the cost of robust spatial cognition. Generally speaking, reliance on
wayfinding technology is inversely proportionate to acquisition of cognitive maps
(Ishikawa et al., 2008).
On May 15, 2014, Google released Google Glass, an optical head-mounted
display (OHMD) along with several apps, including an API port of Google’s mapping
technology. The device overlays digital cues in the peripheral vision of the user,
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allowing for a limited augmented-reality interface. Therefore, the device was
immediately understood to be useful as a wayfinding tool, particularly since it could
be used in a hands-free manner. Immediately, the device drew considerable
attention because of its paradigm-shifting design that placed connected computing
power in an “always-on” state on a hands-free form-factor (Rauschnabel, Brem, &
Ivens, 2015). Developers and designers immediately began designing apps and
imagining novel uses for the device. One of these uses was wayfinding (Calori,
2015). Several applications were released to aid wayfinding, such as FieldTrip and
Google Maps for Google Glass. Still, despite all development activity in terms of apps
and accessories, academic or scientific research with OHMDs was lacking.
Since wayfinding behavior is a complex interaction of perception, spatial
cognition, sense of direction, and memory systems, it is important to understand the
effect of inserting a technology into that mental process, and the effect that it might
have on spatial cognition. The effect of technology on spatial cognition is an active
area of research in both neuroscience and cognitive psychology. However, no
research exists in understanding the effect of wayfinding through OHMD on spatial
cognition. The human brain constantly forms cognitive maps of environments,
alternately enhancing and deleting spatial memories for retrieval and wayfinding
success. Since the OHMD and hand-held devices function with fundamentally
different user-interfaces, they may exhibit differences in the generation of cognitive
maps. This research gap is a motivating factor for this present study.
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For example, it is known that humans employ different strategies to navigate
in spaces such as survey, landmark, route, and pointer. Survey strategies involve a
comprehension of the navigational space from a “birds-eye” perspective, where
topologies are remembered. (Bohbot, Del Balso, Conrad, Konishi, & Leyton, 2013;
Epstein & Vass, 2013; Maguire et al., 2003; Parush, Ahuvia, & Erev, 2007). Survey
strategies are wayfinding schemas where the navigator attempts to locate him or
herself spatially by imagining his or her location on a mental map. Landmark based
strategies are based on strings of environmental features that trigger an action such
as turning. Route-based strategies are sequential, and are a combination of
landmarks and distance estimates, as well as basic orientation to cardinal directions.
Finally, pointer-based strategies are not a wayfinding strategy in the strict
definition, but are more like a wayfinding behavior where the navigator is waiting
for instructions either from a device or from a partner (Bohbot et al., 2012).
Each of these strategies relies on a different form of cognition and to some
extent, activates different parts of the brain, depending on the duration of
wayfinding, desired outcome of the wayfinding, and level of knowledge of the area
under observation (Prestopnik & Roskos–Ewoldsen, 2000). For example, under
normal circumstances, humans display a fairly predictable neurological process in
managing spatial memories. These processes are related to the need of the duration
of the memory, and correlate with different parts of the brain as needed for storage
and recall. These areas are the Parahippocampal Place Area, Retrosplenial Cortex,
Medial Temporal Lobe (Epstein & Vass, 2013) and in some cases, particularly with
elderly people, the Caudate Nucleus (Bohbot et al., 2012). These brain regions also
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function together to form robust cognitive maps, with each part of the brain
regulating certain qualities of the spatial memory, such as cardinality, scene details,
or allocentric comprehension (Epstein & Vass, 2013). It is also known that
technological aids used during the process of wayfinding alter both wayfinding
performance and affect the ability to recall spatial configurations and details
(Ishikawa et al., 2008; Willis et al., 2009).
As a wayfinding device, Google Glass is designed to attenuate key landmark
features and to focus the attention of the navigator on the task of completing the
wayfinding goal. For example, as a navigator approaches a turn, the device will
prompt the user to turn by visual, auditory, or by combined means (depending on
the app being used). Therefore, a question related to this is whether or not OHMDs
attenuate wayfinding cues, while masking other, perhaps non-essential,
environmental signals. Hands-free devices (OHMDs) compared to hand-held devices
(GPS) may allow maximum engagement with the environment. Since OHMDs
overlay the wayfinding aid over the environment, they come closer to enhancing
rather than distracting. The extent to which a hands-free wayfinding device
integrates with visual stimuli rather than competes with them may prove to lead to
better cognitive mapping. Behaviors indicative of active spatial cognition, such as
attentiveness to surrounding environmental features, or demonstrated focus on
wayfinding tasks, offer clues that spatial cognition is occurring (Parush et al., 2007).
While Parush et al. (2007), concluded that wayfinding “mindlessness” during GPS
use degrades spatial memories, OHMDs have not been studied for this effect.
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The basic tool of scientists studying spatial recall is the sketch map (Rovine &
Weisman, 1989). The sketch map as a tool for the study of spatial cognition has
always been notoriously difficult to interpret (Curtis et al., 2014), due to great
variability in drawing style, among other things. This problem might be solved by
taking advantage of new analytic methods to refine the study of spatial cognition.
Typically, participants in studies investigating of spatial cognition are often asked to
recall navigated spaces by drawing them from memory onto paper. Sketch maps
were first proposed by Kevin Lynch in 1960 (Lynch, 1960) and refined by Roger
Downs and David Stea in 1974 (Downs & Stea, 1974). However, a systematic and
quantifiable analysis has not been adopted. Many sketch map analyses are
performed qualitatively, where researchers attempt to determine their accuracy by
visually comparing a sketch map to an actual map (Curtis et al., 2014). The
opportunity exists, however, to provide a valid and reliable approach along the lines
previously identified by Downs and Stea (1974) through a more geographic
approach in a Geospatial Information System (GIS). Recent spatial cognition studies
have focused on fMRI as a potential tool since the device can be used to correlate
precise brain activity with external stimuli, but these studies still need to be
performed in a lab setting (Maguire, Woollett, & Spiers, 2006). Sketch maps
maintain an advantage since participants are not required to be constrained by the
imaging device, and can be free to move around. This means that sketch maps
maintain the advantage of portability. Revisiting sketch maps as a tool, particularly
paired with analysis in a GIS, offers a new fresh approach to the study of cognitive
maps.
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Justification
Wayfinding technology continues to evolve from early bulky GPS units to
smartwatches and phones, becoming faster and smaller, and encountered more
often. Wearable computing devices such as Google Glass gain greater utility since
they are designed to be worn constantly, whether or not the user actively engages
with them. Today, as a navigation tool, these technologies work well outdoors, but
are unreliable indoors. They are limited by weak indoor satellite signals, and lack of
z-awareness for floor recognition. But this is likewise an area of active research, and
several solutions have already been proposed through the use of Bluetooth
transponders and triangulated wireless network signals (Rodriguez, Pece, &
Escudero, 2005). It is only a matter of time before the technical hurdles of indoor
GPS will be solved. It is also likely that humans will continue to increase their
reliance on these technologies. A technical aspiration is point-to-point navigation
that could be multi-modal and include indoor destinations as well as outdoor ones
(Isikdag, Zlatanova, & Underwood, 2013). Ubiquity of the devices, along with solid
performance, and technical innovation can deeply integrate wayfinding tools into
everyday life. It is therefore important to continue to study the effects of these
devices as they become available.
Though this study is conducted outdoors, some of the findings may be
applicable indoors as well and therefore anticipates some of these technical efforts.
This is one of the main justifications for this work. Arguably, Optical Head Mounted
Displays have their best performance indoors (notwithstanding the GPS signal) due
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to issues with the screen and lack of weatherproofing. However, the manner of use
for the device is nearly identical whether indoors or out. Therefore, a main
motivation of the study is to develop a baseline of data related to the very act of
navigating with an OHMD. This data can feed future studies that engage
technologically assisted wayfinding.
Since wearable technology will play an important role in daily life, it is all the
more important to understand its effect on human conceptions of space. There are
many reasons for this. For one, there are times in which technology is unavailable
and people who may have been quite accustomed to navigating a space with a
device may suddenly find themselves without it. This can be unsettling, particularly
if the cognitive maps of that space may be poorly formed due to overreliance on
technology. But also, routine reliance on technology during wayfinding over a long
term can have a detrimental neurocognitive effect. For example, researchers at the
Montreal Neurological Institute and Hospital have linked certain navigational
strategies associated with GPS, such as pointer or direction-based navigation, with
decreased formation of accurate cognitive maps (Bohbot et al., 2004). Certain
regular spatial errors that humans are prone to involving spatial recall, could be
either amplified or perhaps even ameliorated with the use of optical wayfinding
technology. It is possible that Google Glass, as a look-up device, could have a
different effect.
Finally, the physical design and form factor of these wearable devices have,
for the most part, found little success on the commercial market. Aside from early
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adopters and certain professional settings, wearables are still perceived as little
more than an expensive toy. On a more trivial side, some wearables are quite
unfashionable, either being too bulky or simply ugly. But on a more damaging level,
developers have not successfully demonstrated the utility of the device to the
mainstream, nor have they any credible science that substantiates real benefit to
everyday users. The design of Google Glass itself stigmatized the user as an
audacious symbol of privilege, creating a sense of self-consciousness that led to the
initial rejection of device in late 2014 (Metz, 2014). The developers failed to predict
the public’s perception of the device, and it quickly became a symbol of income
inequality (Rauschnabel et al., 2015). These factors led to users abandoning their
devices. As mentioned previously, rapid development cycles adopted by the tech
industry foster these sorts of oversights because the emphasis is on technological
innovation, rather than social or psychological impact (Rizvi, Bagheri, & Gasevic,
2015). Wayfinding is an obvious use case for Google Glass, and since subjects will
be asked to engage with its navigational functions, one aspect this study will explore
user perception of Google Glass after they have been engaged with this utility.
From a data-analysis point of view, this study presents a novel approach in
the application of GIS to wayfinding research. Wayfinding is a spatial phenomenon
and GIS tools were designed with the express goal of uncovering patterns and
gaining insights into spatial data. Sketch maps have been analyzed in qualitative
ways since the beginning of Environmental Behavioral research, but GIS tools were
not used. Applying GIS techniques to the quantitative analysis of sketch maps could
yield new insights.
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For these reasons, it is apparent that a more systematic approach to studying
the benefits and drawbacks of wearable technology is warranted. Rather than
focusing on getting product to market as fast as possible, design research can be
utilized to find lasting solutions to real human problems through wearable
technology. Also, technologies do not present a monolithic front, and it would be
wrong to extract findings applicable from one device to another. For example,
depending on what part of the body the device is worn on (wrist, head, neck, etc.)
and how it operates (sound, sensation, screen), could lead to differing levels of
satisfaction and effect. Because of the study scale, it is prudent to restrict the inquiry
to a comparison between one wearable device, and one hand-held device. Google
Glass, due to its novelty and availability, is a natural candidate. Also, in wayfinding
research, Google Glass represents the latest area of development. The effect of GPS
on spatial memory has been studied, but no attention to date has been given to
head-mounted navigational aids.

Objectives
The first objective of the present research is to examine the ways in which
OHMDs and GPS affect cognitive mapping when used as a wayfinding aid. The
research will not only compare the spatial memories of subjects, but will also test
the topological accuracy of these spatial memories. The second objective is to
examine the differences in wayfinding performance when wayfinding with either of
these devices, in terms of efficiency, effectiveness, and degree of care with which the
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wayfinding is performed. Since OHMDs are relatively new wayfinding tools, a third
objective would be to collect the user experience with the device, and to compare it
with the more well-known GPS tool. Finally, a fourth objective is to employ
Geospatial Information System (GIS) as an analytic tool to help interpret the results
and, on an experimental footing, help to find new ways of looking at wayfinding
data.
For the purposes of this study, a cognitive map is simply defined as a mental
representation of an environment. This simple definition, coined by E. C. Tolman
(1948), was used to explain how laboratory rats could learn to navigate through a
maze though the paths may have changed. Wayfinding performance can also be
thought of as a manifestation of the subject’s cognitive load while attempting
wayfinding tasks. Hesitations, wayfinding errors, and changes in speed can be
interpreted as task-related struggle, as the subject attempts to efficiently complete
the delegated tasks (Ishikawa et al., 2008). The thrust of the research investigates
whether or not OHMDs are antagonistic to cognitive map development in the same
way that look-down GPS devices are.
Typically, smart phone GPS navigation informs the navigator through the
form of spoken instruction issued by the device, or by visual observation of
directional markers on the screen of a device, which in turn can take the form of a
perspective view, or a plan view. Google Glass has these modes as well, but it differs
from GPS, because the wayfinding intervention is overlaid in the visual field of view.
In this way, it resembles landmark wayfinding since the user is naturally inclined to

14
reconcile the visual image presented in the screen with the surrounding
environmental layout.
This study will test whether Google Glass has an effect on cognitive map
formation in the way GPS does, and whether the device is helpful for overall
wayfinding as measured by key wayfinding behavior performance indicators.
The study will also attempt to understand the effect of Google Glass on
wayfinding efficiency and ease of use. A positive association with good cognitive
mapping may suggest that further development of OHMDs should occur since better
cognitive mapping would indicate a more thorough understanding of a space, and
therefore would help a person to orient themselves more quickly. Also, ease of
interaction in the form of hands-free usage and heads-up navigation may prove to
be useful in reducing stress related to wayfinding, since the subject is able to focus
on navigation, and does not need to divert attention away from the environment.
This could result in fewer accidents, fewer mistakes in wayfinding and a better
overall orientation to the environment. Ishikawa et al. (2008) believes that
interaction with hand-held devices reduces the ability for the subject to orient the
device to the physical environment. This results in sketch maps that are not
oriented to north, or that have very poor topology. It is this disconnect between eye
and environment that Véronique D. Bohbot (2004) believes creates incomplete
spatial awareness.
Results from the wayfinding performance line of inquiry would be directly
applicable to the design of the user experience and the user interface. Of particular
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interest would be how well the display represents reality during the process of
wayfinding and how clear the mapping and locational markers communicate to the
user. The Attenuation Theory framework (See Theoretical Perspectives below) can
be used to study and further refine this kind of UI since the capacity is allocated to
this environmental stimulus. Results may also lead to recommendations regarding
scale and zoom changes, backlighting, and tracking movement through physical
space.
The investigation of the form factor of Google Glass as an optical display is an
important aspect of this study given the rise of wearable computing and the ongoing
development of OHMDs. For example, findings may lead to recommendations
regarding the touch/swipe interface of Google Glass, as well as the quality of the
optics and graphic displays. The data for this line of inquiry would be collected after
the participant has had a chance to use the device in a public setting. Ergonomics
and styling would be considered as well. It is well known that Google Glass was
rejected partly for aesthetic reasons, and feelings of self-consciousness while
wearing the device were well documented (Rauschnabel et al., 2015). Since Google
Glass came to be somewhat socially stigmatized (Metz, 2014), there may be residual
feelings remaining culturally. However, Google Glass has found niche application in
task-oriented applications (Adetayo & Midura, 2015), and it remains to be seen
whether or not the use of the device while wayfinding encumbers the user with the
same feelings of self-consciousness, or if the focused nature of wayfinding removes
some of that effect. This kind of investigation may yield interesting perspectives on
what it means to be recognized as a causal user of wearable devices.
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Research Question and Hypotheses
The main research question is “What are the differences and similarities
between OHMD assisted wayfinding and hand-held GPS wayfinding, in terms of
their effects on cognitive mapping and wayfinding performance.” Following the
objectives and the research question, there are four groupings of hypotheses. The
first category relates to cognitive mapping, or robustness of spatial memory
mediated with the two devices. The second category relates to actual wayfinding
performance. The third category relates to stated device preference and aesthetic
experience of the device usage. They span across the areas of concern: studying the
effects of wayfinding with GPS and OMHD on sketch maps through established and
novel methodologies, user experience while wayfinding with both GPS and OHMDs,
and satisfaction with the form factor of the devices relative to the task of
wayfinding. As such hypotheses are proposed as follows:

H1 – Errors in spatial memory are different between Google Glass and GPS
wayfinding aids.
H1.1 – Subjects will demonstrate fewer Augmentation and Incompleteness
errors in sketch maps while navigating with Google Glass.
H1.2 – Subjects will demonstrate fewer Distortion errors in sketch maps
while recalling spaces navigated with Google Glass, compared to spaces
navigated with GPS.
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H1.3 – The number of correct image recognitions after navigating with
Google Glass will be different from GPS recognition.
H1.4 – Estimates of distance, performed after navigation tasks, will be
different between segments navigated with Google Glass and segments
navigated with GPS.

H2 –Navigation with the assistance of Google Glass will be more successful than
with GPS as demonstrated by fewer wayfinding errors and corrections.
H2.1 – Subjects will notice and correct wayfinding errors more frequently
while navigating with Google Glass over GPS, indicated by higher mean selfcorrection rate.
H2.2 – Subjects will take more time navigating with Google Glass over GPS, as
indicated by longer overall time, demonstrating careful navigation.

H3 – There is a difference in preference between Google Glass and GPS.
H 3.1 – The form factors of wayfinding aids will be linked to preferences, with
particular preference given to hands-free wayfinding.
H 3.2 The form factor of Google Glass will not be preferred from an aesthetic
point of view, and participants will exhibit reticence to wear them publicly.
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CHAPTER II - LITERATURE REVIEW
Introduction
Since this study was designed in an interdisciplinary fashion and involves a
wide range of objectives, a multi-part literature review was necessary. First, since
the study draws from many disciplines, a grounding in a theoretical perspective is
included. Second, a general background on wayfinding from an Environmental
Behavioral point of view is presented. This section includes a review of studies that
investigate the effect of demographic variables on wayfinding. Next, is a section
related to the cognitive maps, sketch maps, and spatial memory. This section is
relevant because it includes work that underlines the importance of environmental
attenuation in wayfinding and cognitive mapping, as well as reviews the tools and
methods used to study sketch maps. Since cognitive maps are a neurologic
phenomenon, the bases of cognitive mapping and spatial cognition in general are
discussed.
Next, the critical work of Roger Downs and David Stea (1975) is discussed
particularly with regard to the categorization of cognitive mapping error present in
typical human spatial recollection. Studies involving the use of sketch maps are
discussed next. Since cognitive maps cannot truly be studied directly, sketch maps
provide a convenient proxy. The history and various methods are outlined.
Finally, studies exploring promising approaches to researching particular
indicators of wayfinding performance are discussed. These studies point to relevant
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variables that previous researchers used to investigate wayfinding performance.
Many of these variables are included in this study. Of particular interest are studies
of Ishikawa et al. (2008), Willis (2009), and Dünser (Dünser, Billinghurst, Wen,
Lehtinen, & Nurminen, 2012). This grouping is important since key questions in the
present study investigate the ability of technological platforms to affect the behavior
of subjects while navigating with technological aids as well as the robustness of
cognitive maps. Finally, since a thrust of this present study is related to Geographic
Analysis of wayfinding, studies that apply techniques and tools of that discipline are
included in this review as well as references to accepted processes key to the
discipline.

Theoretical Perspectives
Due to the complicated nature of wayfinding behavior, the need for a strong
theoretical position was helpful. Wayfinding is studied in a number of disciplines
from neurology, to design, to psychology. As such, it was helpful to find a guiding
theoretical perspective to frame research questions and to help interpret results.
The following theories, distinct but interrelated, helped in that effort.
Psychologists studying attention and performance have long understood the
connection between sensory input, cognitive load, and optimal performance toward
the satisfactory completion of some goal. As cognitive load increases, so does the
arousal state of the mind, and correspondingly, performance increases. This
performance increase continues in an inverted logarithmic way, peaks, and then
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precipitously decreases as sensory input becomes overwhelming. Several theories
explain the relationship between these factors, and when considered together, form
a theoretical platform relevant to the present study.

Yerkes Dodson Law (Hebbian Variant)
As early as the beginning part of the 20th century, Yerkes and Dodson
proposed an inverted U-shaped model to describe noted human performance at
tasks under various levels of stimulation. Very low sensory input is correlated with
low cognitive load, and therefore, decreased task performance. As environmental
stimulus increases, so does the arousal state. As such, performance also increases
until a plateau is reached. This plateau represents the optimal arousal state for
strongest task-related performance. As stimulus passes this plateau, arousal begins
to be detrimental to performance. This model has been studied and factor-analyzed,
and has withstood repeated scrutiny, to eventually become known as the YerkesDodson Law, which was streamlined and formally proposed by Hebb, (1955).
Yerkes-Dodson offers a preliminary starting point in this study because
wayfinding is, by its very nature, a cognitively difficult task, and is usually
accompanied by a high arousal state and stress. The two devices under investigation
in this study either contribute to this arousal state or they detract from it. Most
people decide to employ GPS as a means of lessening the stress associated with
wayfinding. The findings of Bohbot and Maguire which correlate lower spatial
awareness with GPS use can be somewhat explained by the Yerkes-Dodson model
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(Konishi & Bohbot, 2013; Maguire et al., 2003) in that it is possible that GPS use
lowers arousal state which simultaneously lowers performance. However, OHMDs
may, in fact, raise the stress level of the individual to an optimal state, through their
interference in the visual field. It also may amplify the environmental cognitive load
by strengthening environmental signals. There is little disagreement that the Ushaped performance curve exists, however, the reason it exists is still a subject of
debate. Eysenck (1982) determined that the curve cannot be explained by a single
mechanism and that several processes are combining to create the observed effect.
Task-related factors, environmental factors, even temporal and seasonal factors
come in to play that change the capacity of any one individual’s ability to maintain
attention.

Kahneman’s Capacity Model of Attention
Kahneman’s Capacity Model of Attention (1973) is an extension of YerkesDodson, and provides more direction in analyzing effects of technological aids on
wayfinding. Kahenman studied the ways in which human attention wanes and
waxes in conjunction with arousal, and whether or not the approach to this
singularity is asymptotic. He argued for the existence of a central processor model of
the mind whereby attention capacity is regulated in response to arousal or stress.
This is useful since the core hypothesis of the present study is that OHMDs focus
attention on the wayfinding task by interjecting the wayfinding instruction onto the
field of view. GPS and look down displays allow the participant to drift in attention,
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to listen only for auditory cues, or to consult the device and remember, rather than
link the wayfinding cue to features of the environment. Kahneman argued that
individuals maintain an “allocation policy” of parceling out available cognitive
capacity to competing demands. To Kahneman, the allocation policy is the driving
force behind the Yerkes-Dodson curve, and defines its shape. The OHMD helps to
enforce attention policy to the task at hand.

Attenuation Theory
However, Kahneman’s Model of attention does not account for subconscious
thinking. Attenuation theory, proposed by Anne Treisman (Treisman, 1964)
provides a framework to understand how the brain regulates sensory input through
subconscious thinking. Attenuation theory explains how signals can be processed in
the brain without active attention. In Treisman’s view, some sensory input is worthy
of attention even if cognitive load is high. Attenuation theory posits that it is
impossible to attend to all stimuli at all times, and that the brain selectively attends
to certain stimuli while ignoring others. In a sort of filtering mechanism, sensory
inputs are marginally processed and parsed for indicators of value. This theory
explains the so-called “cocktail party effect” where a partygoer can make out his or
her spoken name above the din of a crowded room. OHMDs may work in a similar
fashion, attenuating environmental stimuli and allowing key data points to be
parsed and remembered.

23
In fact, military studies had found that look-up sighting systems have an
attenuating effect on soldiers’ environmental perception through the elimination of
irrelevant stimuli and the enhancement of relevant ones, such as targets and threats
(Banbury, 1992). Since Attenuation, in cognitive sense, is the process of filtering
stimuli and allowing only those that are important to receive active attention
(Treisman, 1964). It becomes logical therefore that a look-up wayfinding tool may
have similar attenuating effects on spatial cognition. Signals not relevant to the act
of storing spatial memories or for spatial orientation and cognition are filtered.
Examples of irrelevant stimuli might be superfluous acoustic noise or other agents
in a given scene such as traffic or pedestrians. While the present study does not test
Attenuation Effect directly, it utilizes this idea as a theoretical perspective.
The following figure visually demonstrates how these three theoretical
perspectives can participate together to offer a robust picture of how technological
wayfinding aids may affect task performance. Also, since heavy cognitive load is
known to be antagonistic to the strength, robustness, and persistence of memory,
(Chandler & Sweller, 1991), this model can help to interpret results relating to
spatial memory and cognitive maps. In this figure, the familiar Yerkes-Dodson curve
is represented with a few notable additions adapted from Hebb (1955). The blue
cylinder, on the left side of the curve represents the focusing of attention via
Triesman attenuation of environmental stimulus through the OHMD. As
environmental stimulus increases, the ability of the OHMD to attenuate relevant
signals important for wayfinding becomes more critical for efficient performance.
Kahneman’s attention policy represented by the double arrows, allocates attention
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to tasks, further increasing performance and helping to widen the peak level of the
curve. The arrow on the left represents the external environmental stimuli, which
can take many forms such as task complexity, pressures mounting by the passage of
time, or the complexity of the environment itself. The Environment, Time, and Task
arrow exists in the figure to emphasize that for wayfinding in particular, these three
variables can affect both performance and arousal (Figure 1.)

Figure 1. Theoretical Perspectives
(Adapted from Kahneman, 1973)
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Wayfinding General
One of the principal factors of wayfinding is that it is a behavior that is
intricately tied to the human environment (Downs & Stea, 1974; Kaplan & Kaplan,
1982). Wayfinding and spatial memory is a biological necessity, and is key to
survival. Though different wayfinding strategies are employed by different species,
the ability to retain and recall spatial memories is essential to biological success.
Locations of danger, resources, mates, and safety are precursors to survival. In
humans, wayfinding and spatial cognition in general, is an interaction of a diverse
array of mechanisms that connect representations of the environment in the human
mind (Hartley, Maguire, Spiers, & Burgess, 2003). These representations are as
much psychological as they are topological (Olton, 1992).
Wayfinding is a complicated cognitive task that involves multiple sensory
inputs, as well as multiple cognitive processes. In 1984, cognitive psychologist
Romedi Passini (Romedi Passini, 1984) described wayfinding as a human taskoriented behavior that utilizes both environmental cues such as signage, the spatial
legibility of the environment itself, tactile and sensory cues, as well as stored spatial
memory and innate sense of direction. Wayfinding strategies and abilities differ
across ages (Lingwood, Blades, Farran, Courbois, & Matthews, 2015), gender (Chen,
Chang, & Chang, 2009), and even across cultures (Downs & Stea, 1974). Wayfinding
can be heavily influenced by lifestyle as well. Finally, wayfinding is directly linked to
the robustness of “cognitive maps” (McAndrew, 1992, Chapter 2), or mental
representations of spaces derived from sensory input. Research into the differences
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and the development of spatio-cognitive ability related to demographic
characteristics has been an ongoing area of inquiry in environmental psychology
since the advent of the field (McAndrew, 1992, p. 42).
Spatio-cognitive ability is highly dependent on the age of the navigator.
Because, biologically speaking, spatial navigation is an essential skill for survival on
the planet, some researchers have sought to understand why human spatial abilities
are relatively slow to develop (McAndrew, 1992, p. 41). Not surprisingly, most
sentient species on the planet begin to develop the ability to navigate and remember
their environment rather quickly after birth. One of the researchers investigating
this question was Jean Piaget, (1968) who noted in his study of the stages of
cognitive development of children, that in addition to being slow to develop spatial
abilities in comparison to other species, human beings are slow to develop spatiocognitive abilities in relation to other aspects of mental processing as well. The
question remains open, however, Piaget noted (1968) that as a child matures
through the concrete operational stage and the formal operational stage, there is a
rapid shift in the perception of the environment, beginning only in an ego-centric
way of spatial comprehension, and finally arriving to an allocentric view nearing
adulthood. Piaget’s work has since been expanded and other studies have shown
that children do in fact have the ability for abstract internal representation at an
earlier stage than previously thought, and that spatial cognition is a much more
nuanced cognitive process than Piaget recognized (Lloyd, Doydum, & Newcombe,
2009). Lloyd, et al., (2009) showed that a child between the ages of 4 and 6 is able to
recognize his or her surroundings, and abstractly identify him or herself in that

27
environment. Further, they were able to differentiate between spatio-cognitive
capacities of children in early, middle, and late childhood. But, in all phases, children
did exhibit some form of spatial comprehension and limited cognitive mapping
depending on the age of the child.
In the middle stages of life, humans employ relatively predictable strategies
for navigating both familiar and unfamiliar environments. The spatial processes and
steps are repetitive, predictable, and generally, fairly effective. There are however,
differences in navigation modalities based on gender, sense of direction, and to
some lesser extent, preference and culture.
Finally, in a separate study, Bohbot and her colleagues studied how spatial
navigation strategies change as people age. They designed their experiment in a
virtual reality environment to study spatial memory in age and activity. They found
that as people age, navigation strategies shift from spatial strategies to stimulusresponse strategies, and there is a direct correlation between this shift and cognitive
deficits normally associated with old age. Also, this study and others point to a link
between reward-stress factors, and this shift to caudate nucleus-dependent
navigation strategies (Bohbot et al., 2013).
Gender differences in wayfinding are somewhat inconsistent. Early studies
generally demonstrated that males tended to be more successful at achieving
wayfinding goals (Allen & Hogeland, 1978), but later studies indicated very little
overall cognitive mapping ability differences. However, further research showed
that the gender differences in wayfinding were more complex and nuanced.
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Landmarks played a more deliberate and important role for women than for men.
Women tended to recognize landmarks then fill in connective details between them
(Dabbs Jr., Chang, Strong, & Milun, 1998). Paths and routes would be filled in as
needed later. Men, on the other hand, tended to think in terms of routes, learning
roads and paths, also known as survey knowledge, and were more likely to give
directions in cardinal directions when describing routes to others (McGuiness &
Sparks, 1983).
However, in any case, landmarks are important features that help create
cognitive maps (Raubal & Winter, 2002). Of course, the degree to which the
landmark plays an important role varies with the style of navigation preferred by
the navigator. For example, navigators who primarily rely on waypoint strategies
utilize landmarks to understand when to perform precise locomotive tasks such as,
“take a left at the big church.” Landmark navigators tend to use outstanding features
such as orientation markers that help align whatever preexisting spatial knowledge
they may have with the current environment (Ekert, Wegman, & Janzen, 2015). In
other words, a landmark navigator orients him or herself in cardinal directions
based on orientation to a known landmark in the field of view; a tall building for
example. He or she may know nothing else about the area, but that one building
becomes a prominent landmark in orienting his or her sense of direction and
preordained spatial knowledge with the space. Landmarks are associated with more
successful navigation in terms of accuracy and efficiency, and are known to be
correlated with the formation of the most robust cognitive maps (Raubal & Winter,
2002).
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No matter what the modality, these wayfinding strategies and spatiocognitive abilities remain relatively static until senesce, barring lifestyle differences.
The work of Bohbot et al. (2012) suggests that older adults tend to use different
strategies than they did when they were younger, when navigating unfamiliar
environments. There is no hard definition in what constitutes an “older adult,” but
certain behavioral characteristics are common in the category (i.e. sedentary
lifestyle, age-related diseases, etc. (Bohbot, et al., 2012)). Older adults tend to rely
on guidance either through rote memorization, the use of wayfinding technology
such as GPS or through the help of a co-navigator (Bryden, Charlton, Oxley, &
Lowndes, 2014; Davis, Therrien, & West, 2009). Rather than focus on landmarks,
older adults tend to rely on pattern matching of known routes rather than
associating landmarks for the development of new spatial knowledge. This results in
a navigational strategy that is highly specific to a locale, and creates difficulty in
associating a route in a larger context. This kind of navigation, whose neurologic
bases originate in the caudate nucleus, is detrimental to the formation of new spatial
understandings, and cognitive mapping (Bohbot et al., 2013), but is successful as
long as the navigator does not stray from established routes. These findings help to
determine some of the objectives of the present study.
In addition to demographic variables, the physical design of the environment
has an effect on wayfinding behavior, as indicated in the theoretical perspectives.
Complicated spaces increase cognitive load, and by extension, arousal state. There
have been formal models proposed to categorize levels of environmental
complexity. For example, Raubal and Worboys, (1999), present a formal model for
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the process of wayfinding where environmental features are weighted and
symbolized for use in a modal extension to classical propositional logic. A
geographic approach has also been proposed through the idea of space syntax.
Space syntax frames the relationship between geographic features and
wayfinding in terms of a dialectic. Adherents to space syntax theory also are
Gibsonian in their enviro-behavioral beliefs, whereby the wayfinding itself is
powerfully shaped by spatial layout. Space syntax fundamentally relies on the
concept of the “convex hull” (Wiener, Ehbauer, & Mallot, 2007). In spite of the fact
that humans tend to say they “inhabit buildings”, they in fact, inhabit spaces within
buildings. These “convex spaces” are the affordances that often incite predictable
human behavior. Benedikt coined the term isovist in 1979, and defined it as “the set
of all points visible from a given vantage point in space with respect to an
environment. This isovist is a convex hull of points visible from a given location. The
shape and size of an isovist is liable to change with position (Benedikt, 1979).”
Isovists can be powerful tools for understanding wayfinding behavior. Early
isovist analyses were performed on plan drawings of buildings, and yielded
interesting results when compared to actual human behavior within an isovist field.
From isovist fields, researchers could study longest visibility lines (also called axial
ridges), and the resulting human behavioral response when confronted with
multiple and overlapping axial ridges. From the point of view of effects of
environment on cognition, it is important to review the ideas found in Space Syntax
Theory.
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The general concept in this area of study is that environments that are
topologically well-connected have a large influence on spatial cognition and that,
configurationally, properties of the environment itself are important variables in
acquiring environmental knowledge (Long & Baran, 2012). Hillier, (2012) further
argued that “processes operate within an envelope of geometric possibility defined
by the human mind in its interaction with spatial laws that govern the relations
between objects and spaces in the ambient world (p. 12).”

Neurologic Bases of Wayfinding
No research exists that tests the neurocognitive effects of the device, or of its
effectiveness as a wayfinding tool. A neurocognitive effect is defined as a reduction,
impairment, or deficit of cognitive function in particular areas, such as neurologic
pathways and cortical regions, affecting overall brain-function at a cellular level
(Sass & Byrom, 2015). This is problematic, since every technology introduces both
advantages as well as disadvantages, and these should be studied further in a
research setting before recommendations for adoption (or rejection) are issued. As
one might expect, since spatial cognition is a neurologic process, wayfinding
modalities are themselves governed by executive functioning of brain systems
(Hartley et al., 2003). Advanced technologies such as fMRI imaging in the last decade
have allowed neurologists to study spatial cognition in a more robust fashion. And
in that decade, enough longitudinal data exist to support previously held
assumptions about spatial cognition. Principally, recognition of landmarks and their
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relative importance for wayfinding strategies depends heavily on what area of the
brain is active during wayfinding tasks. Only recent studies have begun to clearly
delineate which areas of the brain are responsible for which kinds of wayfinding
behavior (Epstein & Vass, 2013).
These fMRI technologies have allowed researchers to precisely locate the
area of the brain that is responsible for storing environmental wayfinding stimuli
(Maguire et al., 2003). This area is known as the Parahippocampal Place Area (PPA),
a small region of the hippocampus, which has been demonstrated to respond only to
navigational stimuli and not to ordinary objects or to faces (Epstein & Vass, 2013).
Epstein and Vass (2013) have also been able to demonstrate the neurologic
pathways between PPA, Retrosplenial Cortex, and Medial-Temporal lobe that act
together to encode environmental stimuli, process spatial memory, and locate a
navigator within the context of a cognitive map.
fMRI technology has also allowed researchers to track changes to brain
structures with greater precision than before. A study of London cabdrivers was
able to demonstrate greater grey-matter volume in the hippocampus than in agematch control subjects (Maguire et al., 2003). London cabbies were chosen as the
population for the study because they are forbidden from using GPS and must pass a
rigorous test demonstrating their command of the city’s street network. This spatial
ability is known among them as “The Knowledge.” Consequently, cab drivers had a
robust and intimate knowledge of the geographic layout of the city. This made them
ideal subjects, since their spatial abilities were highly evolved compared to control
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groups. The study revealed greater volume in the hippocampus in this group. FMRI
scans of retired cab drivers further revealed that their anterior hippocampi were
closer in volume to the control group, indicating that the plasticity of this section of
the brain is dramatic and is subject to rapid change based on lifestyle.

Cognitive Maps
Cognitive maps are simply partial mental representations of the environment
(Schwartz & Heiser, 2006). Edward C. Tolman (1948) first introduced the idea of
cognitive maps to explain how rats learned to navigate environments when it was
beneficial to their survival to do so, especially when reward locations were changed.
He correctly reasoned that cognitive maps must be an abstraction. They can be
detailed or very bare, and they certainly can change over time. Humans have
evolved the ability to reduce spatial memories to essential items (Downs & Stea,
1974) that are advantageous for survival. For example, it is less important to
remember the actual distances between waypoints, and more important to
remember where turns need to be made. Therefore, by their very nature, cognitive
maps are only analogs to traditional maps since they distort actual spatial
relationships. These distortions are in themselves a focus of research interest since
they point to spatial features that are important for wayfinding (Stevens & Coupe,
1978). According to Kaplan et al. (1982), humans plan not only daily movement
from one location to another, but even order the events in the immediate future
spatially, including interactions with others. The human mind evokes and examines
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long sequences of image memories derived from experiences in the environment.
These memories help people to plan routes and create a logical order to the day.
They also strongly influence the emotional and aesthetic experiences people have in
environments, as well as the kind of information that people can recall after they
have exited them (Ward, Snodgrass, Chew, & Russell, 1988). This ability evolved
because of its crucial role in survival. Places that were known to harbor danger
would acquire a sense of terror, and be therefore strictly avoided. Other places,
however, that offered food or shelter acquired a positive association. In either case,
the spatial location relative to other remembered landmarks is critical (Bullens,
Klugkist, & Postma, 2011; Ekert et al., 2015).
The skill at being able to navigate efficiently and to remember spaces
accurately is known as spatio-cognitive ability. It is a higher order thought process
that matures slowly in the human brain. According to Herman and Siegel (1977),
children are born without the ability to conceive of the world apart from their own
senses, and this skill develops after around 5 to 7 years of age. Passini, Proulx, and
Rainville (1990) suggested that spatial cognition is a highly complicated activity
involving planning, decision making, and information processing relying on one’s
skill at remembering space and manipulating it mentally.
Humans can acquire spatial knowledge from maps or other representations,
but active and direct experience results in the strongest spatial memories (Kaplan &
Kaplan, 1982). Active thinking and spatial problem solving help to develop a robust
cognitive map (Hirtle, 2011). Additionally, Hirtle maintained that when users were
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able to match their memories of spaces to geographic representations on the map,
their overall topological understanding of the space greatly improved. Another
study compared direct navigation in a space to studying paper maps and found that
maps held a certain advantage when spaces were totally unfamiliar. In terms of
knowledge of landmarks, overall topologic understanding is stronger with direct
experience. Eventually, with greater experience with navigating a space, all benefits
of paper map study begin to disappear (Thorndyke & Hayes-Roth, 1982).

Error in Cognitive Maps
Cognitive maps are understood to be abstractions or even caricatures of the
physical environment (Downs & Stea, 1974). This is so for several reasons, not least
of which is the fact that complete representations of a physical environment are not
necessary and represent a high cognitive load. The goal of the cognitive map is, after
all, the survival and prosperity of the navigator. Important items such as risk and
reward points, and danger and safety areas would be obscured in the clutter of
unnecessary geographic detail. Downs and Stea (1974) go on to identify three kinds
of inaccuracies that humans indulge in the recall of cognitive maps. These are
Incompleteness – where something is missing or omitted in the cognitive map.
Distortion is the tendency to incorrectly recall distances or travel times within a
cognitive map. Finally, Augmentation is the process of adding detail to a cognitive
map that has no analog in the physical environment.
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Some researchers have considered these phenomena to be errors or
evolutionary mistakes in the development of human cognition (Colombo & Bohbot,
2013), while others have thought of these as a kind of creative license taken by the
mind in order to structure our understanding of a complicated world. In this view,
the diversion from reality that a cognitive map may demonstrate is part of a survival
strategy, where important details are elevated and less important details are
sublimated to the background (Wang & Brockmole, 2003). The implication of this
view is that a high-level process is occurring which translates the meaning of the
world to memory. Details may be automatically exaggerated because they “felt” a
certain way. For example, long automobile drives in featureless terrain may cause a
person to remember that stretch of road to be longer than it actually was. These
errors in cognitive mapping are both quantified in this study as evidence of OHMDs’
attenuation of environmental signals, and are supported by field observations and
themes resulting from semi-structured interviews. A convenient way to understand
how robust a cognitive map may be is to have the subject draw the memory to the
best of his or her ability. This is called a sketch map.

Sketch Maps
Sketch maps, as a tool for understanding robustness of spatial memories
have a long history in environmental psychology. A distinction should be maintained
between the concept of a cognitive map and the concept of a sketch map. All sketch
maps are a result of a cognitive map, but a cognitive map can exist without a sketch
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map. In other words, the sketch map is a manifestation of the cognitive map. Sketch
maps vary in quality due to a person’s own drawing and observation skills, but they
are consistent in the context of spatial recollection of that individual (Rovine &
Weisman, 1989). Therefore they are useful tools in within-subjects designs where
the artistic ability is not a factor. They are strengthened when used in conjunction
with other variables and study techniques.
Since sketch maps can function as clues to the ways in which humans
organize spatial information (Mishra & Mishra, 2010), many methods have been
proposed to produce them, such as computer simulations (Haq, Hill, & Pramanik,
2005) or paper drawings. Today, sketch maps remain one of the most compelling
ways to study spatial memories since they allow participants to think through
spatial relationships of features in a 2-dimensional, physical space (Rovine &
Weisman, 1989), and the most enduring and common approach to study them is to
use pencil and paper.
In previous studies, while sketch maps were used as a common tool, methods
of interpretation often differed. Most studies used sketch maps in a common way
(Ishikawa et al., 2008; Kim & Penn, 2004; Klippel, Tappe, Kulik, & Lee, 2005; Rovine
& Weisman, 1989; Willis et al., 2009). In these studies, participants proceeded to do
some manner of a wayfinding task and later were asked to recall routes and
landmarks through the physical act of drawing maps from memory, depicting their
chosen routes. Most researchers allowed the participants to choose the level of
detail, but were instructed to create useable maps that could practically be used to
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retrace their steps. However, interpretation of sketch maps differed in many studies.
While other studies have demonstrated that sketch map abilities vary with ability,
experience with maps and cartographic techniques, and with familiarity with an
area (Blades et al., 1998), nevertheless, these methods have been useful at
identifying the consistent types of errors that humans make while drawing sketch
maps.
Ishikawa et al. (2008) used sketch maps as a variable for understanding
robustness of cognitive maps. They were more concerned with topological accuracy
of the maps rather than distance accuracy. Their sketch map analysis was limited to
sequences of turns. Willis et al. (2009) conversely analyzed sketch maps solely for
their qualitative characteristics. For example, they noted cartographic principles
such as orientation of the map to north. They also noted whether the map
represented a “route” or a “survey”. In the case of routes, maps were oriented pointto-point in a linear, Euclidean fashion. Survey maps tended to include cross streets
and other geographic features more akin to familiar paper maps. Kim and Penn
(2004), likewise analyzed sketch maps as proxy for cognitive maps, but in their case,
they took into account the completeness of sketch maps’ accuracy with regard to
spatial syntax. In particular, they were concerned with understanding the accuracy
of axial ridges in the sketch maps. Their analysis applied the same methods of space
syntax analysis to both the actual geography and the recalled geography as
represented by the sketch map.
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Downs & Stea (1974) synthesize the research findings of several contributing
authors particularly Roger A. Hart, Gary T. Moore and Peter R. Gould. Based on this
work, Downs and Stea identify several common categories of error made in
cognitive maps. They identified spatial errors through various instruments such as
sketch maps, distance estimations, and unstructured interviews. Other researchers
(Thorndyke & Hayes-Roth, 1982) found that errors in cognitive maps, as
demonstrated by sketch map drawings, tended to manifest errors of geometry, such
as the tendency to generalize paths and straighten curves. They also found that
distances became more exaggerated the more unfamiliar they were, and gradually
became more accurate as the space became more familiar. Kaplan and Kaplan
(1982) found that people overestimate the distances in an outbound journey away
from a town and underestimated the inbound journeys. They hypothesize that
environmental load increases as the subject moves towards a town or otherwise
developed area, and this could account for making the trip in that direction seem
shorter than it really is.
A study by Klippel (2005) found that people have the strong tendency to
regularize angles in a path in their sketch maps such that their turns are often
expressed as 90-degree angles when they might be far from it. Conversely, when a
turn is actually 90-degrees, people are more likely to remember it in the sketch map.
45-degree turns follow 90-degree turns in their tendency to be remembered or
accurately expressed. Klippel suggested that in giving directions, maps should be
generalized along these guidelines. Similarly, legibility of floor plans has a great
influence on memorability. Floor plan design, more than any other factor, has a
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direct effect on the degree to which the plans can be accurately expressed in sketch
maps (Benedikt, 1979). Not surprisingly, simple and predictable floor plans are the
easiest to learn and to remember (Rovine & Weisman, 1989).

Wayfinding and Technological Aids
The study of human wayfinding and subsequently the ways in which humans
perceive and remember their environment has been an important area of research
in Environmental psychology since the earliest days of the field (Stokols, 1978).
Methods and materials used to measure wayfinding performance, and by extension,
cognitive mapping, have evolved over time. Spatial cognition and wayfinding is
notoriously difficult to study since it involves a three-way interaction of
physiological, neurological, and environmental inputs (Olton, 1992; R. Passini,
1984). In addition, technological advances of the past several decades have
increased research interest in the effects of technology on wayfinding performance
as well as on the acquisition of spatial knowledge.
Because of the aforementioned difficulty in studying all aspects of
wayfinding, many studies are designed under lab conditions or in virtual reality
environments. However, they have often been criticized because they do not
account for subtle and unconscious effects of the real word on spatial cognition.
Some researchers argue that environmental cues, such as orientation to the sun, are
critical to cognitive mapping and are difficult to replicate indoors or in a VR
environment (Kim & Penn, 2004). Further, at McGill University, Konishi and
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Bohbot (2013) argue that the that the hippocampus is a very plastic part of the
brain, subject to rapid change. Volume of grey matter can vary depending on several
factors including age, lifestyle, and use, and therefore a maturation effect is possible.
Wayfinding modality itself can affect spatial cognition and wayfinding
performance. It is also known that stimulus-response navigation (e.g. being told
turn-by-turn directions) involves the hippocampus to a much smaller degree than
does landmark, route, or survey navigation (Epstein & Vass, 2013), and therefore
can result in poorer sense of geographic topology. Bohbot suggested that prolonged
GPS use, which is a type of stimulus-response navigation strategy, is detrimental to
hippocampal neuroplasticity, and by extension, detrimental to hippocampal volume.
They also warn that decreased hippocampal volume is a precursor to Alzheimer’s
disease. (Bohbot et al., 2013). A 2007 study at the Israel Institute of Technology
demonstrated that strategies that actively engage the user during wayfinding tasks
could have a positive impact on spatial acquisition. In particular, they noticed that
strategies which actively prompted participants to note their surrounding
landmarks performed better during subsequent wayfinding exercises (Parush et al.,
2007).
This finding was reinforced by a Japanese research team that noted a
significant difference in spatial recall ability between GPS users, flat map users, and
direct experience (Ishikawa et al., 2008). They collected data on the following
variables: travel distance, travel speed, number of stops (or hesitations), direction
errors, sketch map accuracy, and self-reported task difficulty. In this case, users of
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GPS drew poorer topological sketch maps of the area they navigated, made more
errors, and rated the wayfinding tasks to be more difficult than the other groups. In
general, Ishikawa et al. (2008) found that GPS users also navigated more slowly, and
rated their experiences as being more difficult. They also found that GPS users
traveled greater distances suggesting that they doubled back more often. Sketch
maps were qualitatively compared in terms of topology. It is worth noting that no
real coding scheme was developed for their analysis.
Others have studied the effects of map media. Willis et al. (2009), suggested
that the piecemeal presentation of routes in digital and mobile technologies create a
fragmented and regionalized cognitive map where the strong connections between
landmarks are emphasized at the expense of strong survey knowledge. For example,
mobile maps users tended to make greater distance estimation errors, while paper
map users were more accurate.
Mobile based augmented reality (AR) devices are also becoming more
common, and have been the subject of interest in the Environmental Behavioral
community because these devices have the ability to provide the user with
additional input that works dynamically with the environment. This has potential
impact for users with low-vision or other impairments. Dünser et al., (2012) tested
AR technology on a smart phone and compared people’s performance and
preferences to digital maps on the same device. Overall, they found no difference in
task completion time, but did find that under certain environmental conditions, AR
was less useful. Most participants indicated preference for using the AR system
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combined with an ego-centric map view. Of particular interest to Dünser et al.,
(2012), was time and distance. They also collected qualitative data through the use
of vide,o which was used to generate hypothesis to explain user behavior and
responses to questions. For example, careful study of facial emotion was used to
interpret deep thinking or frustration. Like Ishikawa, Dünser studied the videos to
understand hesitations and self-corrections. Again, these were used to interpret task
difficulty.
Willis et al., (2009), included Euclidean and route distance estimates in their
study. They compared these over- and under-estimates between maps and mobile
maps to understand spatial knowledge acquisition. In this case, the modalities were
employed in two phases: a learning phase and a field phase. The subjects were
allowed to study the maps ahead of time, and then were asked to provide
orientation in the field. Distance estimates were used as a proxy to understand how
the accuracy of subject’s internalization of spatial relationships.
Sense of direction (SOD) is a variable that is often encountered in wayfinding
research. Most wayfinding studies have employed the Santa Barbara Sense of
Direction Scale (SBSOD) (Hegarty, Richardson, Montello, Lovelace, & Subbiah,
2002). Sense of direction is self-reported in these studies, and is difficult to quantify.
However, the scale is well used and has been factor analyzed several times. The
scale is used as a potential correlate with a subject’s wayfinding performance. In the
Ishikawa study, SOD was not correlated with mean wayfinding performance. It was,
however, correlated with travel distances.
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Since GPS and other stimulus-response (pointer) wayfinding strategies are
less effective at promoting the accurate creation of cognitive maps, could other
technological interventions offer better results? Does the overlay of the wayfinding
aid over the physical view of the environment for the navigator have any effect? A
French study in 2014 looking into the use of Augmented Reality as a therapy for
treating phobias noted that their treatments were more effective if, within the
augmented reality environment, subjects were directed to look at certain objects
through the use of a red dot (Baus & Bouchard, 2014). These authors explained this
as a result of directed cognition in the way a gun sight focuses attention at a target.
Google Glass may be more successful in fixing spatial memories to the hippocampus
because it can do the same thing.
Generally, Google Glass has the potential to function more like directexperience, where the navigator is guided, but simultaneously directed to actively
engage with the environment. Additionally, since the navigator is not required to
look away from the surrounding environment, there is less distraction and more
focus on the physical world. Thorndyke and Hayes-Roth (1982) found that the
bodily experience of movement such as turning, looking, bending, etc. has a benefit
in spatial orientation. Additionally, Google Glass can recognize certain key
landmarks from the spatial position of the user and point them out, thereby fixing
landmarks to the wayfinding task. This would follow the findings of the Israeli study.
The conclusions drawn from these studies as well as Bohbot et al. (2013)
point directly to correlation between decreased physical activity, decreased
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hippocampal activity, and consequently, decreased hippocampal volume. A
comprehensive study from the Institute for Brain Aging and Dementia
demonstrated that voluntary exercise helps to clear β-Amyloid protein from the
brain, a key protein linked to Alzheimer’s Disease (Adlard, 2005). There is no
research to determine the effect of performing wayfinding tasks in unfamiliar
environments in addition to simple exercises such as walking. It is reasonable to
assume that since dementia and Alzheimer’s disease affect the same part of the
brain that is responsible for wayfinding tasks, greater grey matter volume in this
area would be beneficial. Results from this study may provide impetus to replicate it
with an older subject population. If positive spatial recall is observed in this study, it
is reasonable to assume that similar results could be found with an older group.

GIS and Environmental Behavior
A popular phrase in Geography is that 80% of all data is geographic
(Franklin, 1992). GIS technology has found a growing audience outside of the earth
sciences and has increasingly been applied to problems of human geography, since
GIS tools provide social scientists with new avenues to approach the study of human
behavior (Kwan, 2000). Not surprisingly, GIS tools have found application in the
field of Environmental behavior as well. Kwan (2000) goes on to say that
georeferencing human behavioral data give researchers tools to “present complex
urban and cognitive environments more realistically.” Yet, interestingly, GIS tools
have thus far not been used to analyze sketch maps or wayfinding performance.

46
For example, Buliung & Kanaroglou, (2006), outline an approach of
georeferencing activity/travel micro-data to visualize behavioral outcomes of urban
processes. They propose a set of spatiotemporal tools that facilitate the study of
household level data derived from surveys and linked to open data sources such as
maps and regional land use planning data. Buliung et al, (2006), utilize a standard
deviational ellipse to contrast the activity spaces between various types of urban
residents. This type of analysis could have an impact on planning decisions in terms
of the perceived allocation of urban resources. At the end of the study, the authors
conclude with a list of eight travel/activity behavior hypotheses that emerged from
the spatial exploration of the data in the GIS.
Likewise, (Curtis et al., 2014), use a GIS to introduce a mixed methods
approach where qualitative data can be interpreted, along with quantitative data.
Other authors have noted that the prospects of integrating qualitative data are
challenging, but create new opportunities for dynamic feedback within the context
of a study (Moore-Cherry, Crossa, & O’Donnell, 2015). Curtis, et al., (2014) integrate
sketch maps and data from coded interviews to generate a “Youth Fear Map” of high
crime areas in Los Angeles. Unlike typical crime-maps that may use cluster analysis
or point-pattern visualizations, the Fear Maps are as much line-generated as they
are point-generated. The maps emerge based on transportation routes, known areas
of high crime, and with graphic memories of personal experience in a particular
area, enriched with the standard data sets common to crime analysis. The result is a
map that could not have been created by plotting incident data alone. The authors
conclude that these tools have direct application in Environmental Design where
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urban features can be designed-in or even eliminated to improve health and wellbeing outcomes.
Another instance of GIS applied to activity spaces is presented in Mennis,
Mason, & Cao, (2013). In this study the authors utilize a variety of visual variables to
simultaneously depict multiple qualitative and quantitative attributes of the activity
spaces of drug-abusing youth in Philadelphia. In this case, a shapefile containing a
street feature class was imported to the GIS and point and polyline data were added
corresponding to multiple variables. These variables ranged from color-ramped fear
symbology to color coded polylines denoting travel paths and they were color coded
according to method of transportation. The authors use the resultant maps to
support conclusions from qualitative interviews. Additionally, point feature classes
relating to businesses associated with higher crime rates (such as bars, pawn shops,
check cashing stores, etc.,) were mapped, and these features were used in a
proximity analysis. These analyses were in turn used to investigate outliers in the
data. The resulting maps were also used to generate hypotheses and to explore
patterns of activity that would be difficult to discern without map tools.
Pearsall, Hawthorne, Block, Walker, & Masucci, (2015) utilized a combined
sketch map and GIS approach to investigate the socio-spatial perceptions of youth
during their transition from a university neighbor, to becoming part of the
University itself. The authors suggest a GIS-based approach to helping solve the
issue of racial divisions that often separate Universities (as spaces of privilege) from
the communities in which they are often located. Despite efforts to diversify
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campuses, certain groups remain under represented. The authors suggest a GIS
based approach to documenting the perceptions of inclusiveness of these spaces
through importation of hand-drawn sketch maps into georeferenced space. Mean
centers and standard ellipses were calculated as well as kernel density estimations
(heat maps) to understand grouping and spatial dynamics. By comparing the
changes to the sketch maps, the researchers conclude that perceptions of
inclusiveness can change over time.
Lastly, GIS techniques (Jiang & Liu, 2009) have been developed to quantify
the effects of space syntax and have been used in studies by Kim et al, (Y. O. Kim &
Penn, 2004), Haq et al, (2005), where axial diagrams were drawn on sketch maps
and then calculated syntactically using GIS software. This technique allows the
syntactic effect of the environment on spatial cognition to be controlled in data
analysis. These findings suggest that when interpreting spatial behavior, size and
shape of the isovist should be considered as a factor for interpretation. In the
present study, these ideas motivated the schema for coding sketch maps.

49

CHAPTER III – METHODS

The present study examined the impacts of navigational technology on
participants’ wayfinding in terms of wayfinding performance and spatial memory or
cognition. This chapter summarizes each step of the test, starting from the consent
phase to the final semi-structured interview, including the data analysis process.
The research was designed as a within-subjects, two treatment study. In general, the
study proceeded in the following manner: Participants were introduced to the
study, familiarized with the equipment, and invited to participation in a familiarity
and Sense of Direction Survey. Then, the field test portion occurred whereby
subjects navigated to waypoints using Google Glass sand hand-held GPS. The final
image recognition test as well as interviews occurred back in the lab after the field
test was complete.

Site location
The test environment was located in a residential neighborhood of Corvallis,
Oregon (population 55,298). The site was chosen among logistically possible
candidate locations for its variability in axial ridge lengths, differentiated
architectural styles, and good balance of alley, collector, and arterial streets. This
ensured that the site presented the widest range of environmentally differentiated
spaces, while still being operationally feasible. The test environment was a section
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of residential streets in Corvallis, Oregon, known as the Campus Hill West District,
north of the campus of Oregon State University. The test area is roughly bounded by
Arnold Way to the East, 35th to the West, Harrison to the North, and Campus Way to
the South (Figure 2). This area is generally residential, dense, and offers fairly
limited connectivity in a space syntax sense. Blocks are generally fairly short (~130
feet in the East-West direction, and ~330 feet in the North-South direction) and the
route is planned with multiple turns.

Figure 2. Study Area: Route and Waypoints
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Environmental Features of the Study Area:
The site had satisfactory spatial complexity, and good level of differentiation.
The site is a residential area composed of smaller, pre-war homes laid out in a moreor-less regular grid. Block distances are small, and sight-lines are tight, allowing for
multiple turns without the need for walking great distances. A route was plotted
through this neighborhood containing 24 left and right turns, and looping in a
circuit to depart and arrive from Milam Hall on the campus of Oregon State
University. The circuit length total was 1.6 miles (2,816 yards or ~2575 meters).
The circuit was further divided into six segments of varying lengths. The length of
each segment is given below (Table 1):

Table 1
Segment Lengths
Yards (Meters)
Segment 1

500 (457)

Segment 2

262 (240)

Segment 3

190 (173)

Segment 4

338 (309)

Segment 5

323 (295)

Segment 6

557 (509)

Return

590 (540)
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Each segment contained between 2 to 5 turns, and was chosen to minimize
axial ridges to purposively complicate the spatial syntax. The rationale behind this
choice was to minimize dramatic sight lines while preserving logistical integrity of
the study. If the chosen area was too open, subjects would be more likely to
remember features due to uniqueness, rather than due to the effects of a wayfinding
device. While logistics required that the circuit begin and end at Milam Hall for
pretesting and post-testing, the route was of substantial length, with a good number
of turns.

Sample
To accomplish the study’s objectives and to answer the research questions, a
human subjects test was employed with a sample of 40 adults unfamiliar with the
test environment. The project was partially supported by the Michael Brill Grant
from the Urban Communications Foundation in association with the Environmental
Design Research Association (EDRA). The grant allowed subjects to be compensated
$25 in cash for their participation. Each subject was told the experiment would run
approximately two hours. The study used purposive and snowball sampling
techniques (Neuman, 2011). Initial recruitment occurred by email invitation to
freshmen and sophomores in the school of Design and Human Environment who
would be likely to meet the inclusion criteria. Participants were recruited through
targeted flyers and emails, and because of this, most participants were freshmen or
first year graduate students. Flyers were posted in public areas around campus
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where new students were likely to congregate. These included the dining halls, the
gym, areas around Milam and Kelly Halls, and on public posting bulletin boards of
freshman dorms. Further, participants were eligible to receive a five-dollar referral
bonus for each participant they recruited who successfully met the recruitment
criteria and participated in the study.
An equal number of men and women were recruited, 20 each. The
investigator purposively recruited equal numbers of men and women, and this
gender balance was maintained throughout the study. At the very end, two more
male subjects had to be recruited to maintain the equal gender ratio.
The target population for the study was adults 18-59 years old, who had spent less
than one year at Oregon State University. According to Oregon State’s enrollment
reports, there were approximately 3,477 first year freshmen on campus in Winter
term 2016 (Oregon State Enrollment Summary, 2009). Additionally, there are over
4,000 graduate students, many of whom were also on campus for less than a year. A
majority (82.5%) were between 18-29, with most of these being freshman who
were on campus for the first time. This fact was determined in the course of the
semi-structured interviews. The rest of the participants were graduate students or
transfer students who were also on campus for their first year. One subject was a
faculty member concluding her first year of teaching. All participants lived either in
the freshman dorms, or off campus in locations other than the subject area, and had
little knowledge of the study area. Again, these demographic facts were asked and
recorded as a part of the semi-structured interviews. The population was defined
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broadly, following research showing little differentiation in spatial abilities between
childhood and senescence (Bohbot et al., 2012). Participants tended to be younger,
and the following table (Table 2) illustrates the age breakdowns of participants by
age group.

Table 2
Age Categories
Age

Number (Percent)

18-29

33 (82.5)

30-39

4 (10)

40-59

3 (7.5)

Total

40 (100)

Previous research has shown that by early adulthood, spatio-cognitive
abilities are fully formed, and that these remain at a constant level until senescence,
barring any lifestyle choices (Bohbot et al., 2012). This meant that the study could
involve subjects from a wide range of ages.
Subjects’ inclusion criteria for familiarity was examined again in the survey
that was conducted after the test. On a scale from 0-7, zero being completely
unfamiliar and 7 being most familiar, the mean score for knowledge of the area was
1.1 (SD = 1.39). The familiarity score was a composite of six items related to
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activities in the study area and general knowledge of the streets and buildings found
there. These questions can be found in Appendix B. The questions used to determine
familiarity were Q1(1, 2, 3, 4) and Q2(1, 4). (Note that because the survey was
conducted online, only the question text is shown in the appendix). An examination
of the items that comprised the composite variable showed no unexpected results,
and had a Cronbach’s 𝛼 = .879. Lack of familiarity of the test area was critical,
because this could ensure that wayfinding and cognitive maps would be
representative of the test activity, and not by some prior knowledge. Therefore, in
the sample of the population, subjects were self-screened to be sure they met the
inclusion criteria of lack of familiarity of the test area.
Additionally, inclusion criteria required that subjects did not have regular
business in the NW corner of campus, and did not recreate or live in the Campus Hill
District. These questions were asked on the survey. Subjects were provided a
standard OSU campus parking map and the researcher pointed out the study area to
be certain that the participants were not familiar with the area, even if they did not
know the street names.

Data Collection
Prior to participating in the field test, the subjects were asked to complete a
laboratory-based survey including SOD and test-site familiarity. During the field test
portion, participants were asked to locate three waypoints using a GPS as a
wayfinding aid, and three waypoints using a Google Glass as a wayfinding aid.
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During these tests, the investigator carried a Garmin eTREX Vista consumer grade
GPS unit set to its maximum point-track collection setting. It was hoped that this
device would record actual movement throughout the test. Upon return to the lab,
subjects were asked to draw sketch maps, complete an image-recognition test, and
estimate distances for each segment; each segment is a route between two
waypoints. Finally, participants were given a semi-structured interview comprised
of a mixture of open- and closed-ended questions about their experiences navigating
with both devices, and their preferences as well as suggestions for use.
It was decided early in the planning phases of the study that the data
collection should occur in an actual, rather than simulated environment, in order to
include the effect of ambient environment as much as possible, following the
conclusions of Kim and Penn (2004) that stressed the importance of environmental
factors on wayfinding. This included any weather conditions that might normally be
encountered. Because conditions would be variable over the course of the study,
and spatial cognition skills highly individualized, (Passini, 1984), the research
would need to be carefully planned. A within-subjects, mixed methods design served
to mitigate some of these effects. By utilizing a within-subjects approach, the
influence of individual spatial abilities could be better accounted for. Subjects would
perform 3 wayfinding tasks with one type of device (Google Glass or GPS), then
perform another three with the other type of device. The study began with users
navigating to waypoint 2, 3, and 4 with GPS, then 5, 6, and 7 with Glass. This order
changed halfway through the experiment, and further, the investigator was careful
to ensure that equal gender balance was maintained for each set.
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Data collection occurred in four separate phases. The following is an outline
of the procedures for each phase:

1) Phase I – Orientation and pretest.
Subjects began their participation by meeting the investigator at the West
Entrance to Milam Hall. See Figure 1. From there, they were escorted to the
study room in the Milam Hall basement level.
a) Participants were introduced to the study through a verbal introduction and
re-read the consent form. They were also asked to confirm that they met the
residency and familiarity criteria and consent to voice recording and
photography.
b) Participants were asked to sit at a computer and begin a questionnaire on
Qualtrics, internet based survey portal, where they answered questions that
asked age and gender. As previously mentioned, participants were shown the
specific locations of each building and street referenced in the questions (See
Question #1, Appendix A). This ensured that participants would answer
accurately even if they did not know the name of a building or road.
c) An official OSU campus map was used to orient them to the study area.
Participants were shown their exact location and the investigator pointed to
the study area in relation to their current location in Milam Hall.
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d) Participants then completed the Santa Barbara Sense of Direction
Questionnaire, a tool often used for self-reporting of sense of direction
(Hegarty et al., 2002).
e) After taking surveys and orientation, the investigator explained the use of the
devices, especially Google Glass, since this device was unfamiliar to all
participants (see Figure 3.) Participants were allowed to work with the
devices to understand their user interfaces and how they function. Most
participants spent between 5-10 minutes familiarizing themselves with the
device operation.

Figure 3. Wayfinding Devices

Google Glass (left) and the Alacatel Pixi 7(right)

Apparatus: GPS (Alcatel One Touch Pixi 7 [Model 9006w]) and Google Glass.
(Glass Explorer Edition, V.1) as wayfinding aids.
The Alcatel had a 3.5” x 7.25” screen, while Google Glass was head-mounted and
the display in the Prism projector, measured .5”on the diagonal, or 640×360
pixels (equivalent to a 25” screen from 8 feet away).
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2) Phase II – Wayfinding performance
The investigator used a Nexus 5 smartphone, running Android 6.1, in
conjunction with the Stopwatch Timer app to record times and splits for
segments. The investigator also used Smart Voice Recorder app in conjunction
with a Moleskine Journal to record field notes. While actively navigating, the
investigator recorded notes about wayfinding performance in the Moleskine
journal, or in some cases, with the voice memo app, depending on convenience
and availability. The investigator attempted to maintain good communication
with the participants regarding the stability of the technology, but in the event
that a lost signal or another technical malfunction occurred, the timing was
stopped and the equipment was rebooted.
a) After the participants agreed that they fully understood how to use the
devices, the investigator and the subject left the study room and assembled
outdoors under a protected bike shelter. The bike shelter was considered
waypoint 1. See Figure 1. GPS signals were acquired for both devices under
the bike shelter before wayfinding started.
b) The participant then used either GPS or Google Glass to navigate to
waypoints 2, 3, and 4. The determination of the primacy of the device was
based on numbers required for the study. In the end, 10 men and 10 women
would begin the study with GPS, and 10 men and 10 women would begin
with Google Glass. See Figure 4 for the wayfinding devices in use.
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Figure 4. Wayfinding devices in use (GPS, left; Google Glass, right)

c) As the participants neared each waypoint, they were to verbally announce
their arrival. As the subjects navigated the circuit and attempted to follow the
path indicated on respective devices, the investigator noted hesitations,
missed waypoints, self-corrections, and errors (not self-corrected).
Throughout the course of the wayfinding, participants were encouraged to
talk through their thought processes. Since subjects had a tendency to be
silent when they were thinking about spatial problems, the investigator had
to encourage active communication. In the event that the participant was
silent for an extended period, the researcher would prompt them to disclose
what they were thinking about.
d) In the event that the participant passed a waypoint, and it was clear that he
or she mistook the location of it, the event was recorded as Missed Waypoint.
This determination was verified by asking the participant if he or she
realized that they missed the waypoint. If he or she answered in the
affirmative, the Missed Waypoint was recorded, and the subject was escorted
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to the actual waypoint location to begin navigating to the next one. The
investigator encouraged the subjects to narrate their activities so that proper
counts could be recorded. In some cases, the investigator would clarify an
interpretation of a count with the subject, so that a mistake was not entered.
However, the investigator did need to use judgement in some cases if the
subject seemed to be evasive or confused in their responses. For example, a
subject may claim to know their his or her location, but in fact, he or she
could be confused. This would mean that the investigator had to score the
event appropriately.
e) Walking gate: As the participants walked from waypoint 1 to waypoint 2, the
investigator noted the time it took to walk a 120 meter section of sidewalk
along 26th street. This number was used to estimate the participants’
average walking gate.
f) Device change: At waypoint 4, participants switched devices. This was done
at a low rock wall where it was convenient to set items down. Those who
began with Google Glass then switched to GPS, and those who started with
GPS switched to Google Glass.
g) Participants then navigated to waypoints 5, 6, and 7. Upon completion of the
final waypoint, time was recorded for waypoints 5, 6, and 7, along with the
device that was used. The participant returned the wayfinding devices to the
researcher.
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h) Participants were then asked to point to the direction of Milam Hall as a
means to assess overall orientation. The researcher noted the direction of
the pointing, then estimated the error in terms of degrees (0° being the true
bearing of Milam Hall). The direction error was estimated by +/- 30°
increments, and manually recorded in the Moleskine notebook.
i) Notes from the field portion of the experiment were transcribed into the
form “Field Notes Blank” found in Appendix C.1
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Figure 5. GPS navigation: Showing Interface & Current Location

Figure 6. Google Glass: Participant Navigation
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3) Phase III – Tests of Cognitive Mapping
Once the participants made their way back to Milam Hall, they were led back to
the study room to continue the study.
a) Sketch Map Drawing: In the study room, participants sat at a desk and drew a
sketch map of the area that they had just navigated (Figure 7.) Participants
were given a blank map on a letter size paper (Figure 8) with Milam Hall,
Harrison Boulevard, and 35th Street already indicated. They were given
instructions to draw the map as if they were giving the directions to a friend
to help him or her retrace his or her steps. Accordingly, they were
encouraged to supply any landmarks, street names, or other physical details.

Figure 7. Participant Sketch Map Drawing
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Figure 8: Blank Sketch Map Paper

b) Image Recognition Test: Participants looked at six sets of images on a
computer (Figure 9.) All test questions were completed on a computer
through the use of Qualtrics Survey Software. Each set corresponded with
one of the waypoints. Four images were present in each set, with only one of
them being true to the exact location of the waypoint. The participant was
asked to identify the image that was the true image on each segment to the
waypoint. After answering all questions, the participants were asked to close
the Qualtrics survey and the software recorded their responses. See
Appendix B.2.
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Figure 9. Image Recognition

c) Distance Estimation: Participants were then asked to estimate the distance
they travelled in each segment. They were free to use any unit of
measurement they wished. Units were converted to yards for analysis. The
estimated distance was recorded by the investigator. See Appendix C.2.

4) Phase IV – Interviews
a) Lastly, participants were interviewed in a semi-structured format.
Participants were allowed to sit in their chair while the interviewer asked
them questions. The questions are found in Appendix C.2. They were

67
questioned about their preference and any problems they encountered while
navigating with the devices. See Appendix C.2. They were also prompted to
share thoughts and opinions as to the utility of the devices, and to envision
how they might use a head-mounted display. The questions asked which
device they preferred for wayfinding, and which felt more natural. They were
also asked about the perception of difficulty. Finally, they were prompted to
discuss the aesthetics of wearing Glass and how it felt to use an HMOD in
public. Discussion prompts can be found in the Appendix C.2.

Data Preparation
After the participants completed their interviews, they were thanked and
compensated for their time. After their departure, the investigator downloaded all
GPS tracks from the eTrex unit to a computer and scanned their sketch maps using a
flat-bed scanner. The files were saved in tagged image file format (.tif) that allowed
them to be coded for analysis in both traditional and GIS methodology. Each scan
would be imported into both Adobe Illustrator CC 2014 as well as ESRI’s ArcMap
10.4. This allowed for a comparison between the analytic methods.

Sketch map data analysis: Traditional Method
After the scans were completed, a base map of the study area was created using
the exact map used during the study. This map was downloaded from the Guidigo
website and included the actual programmed route. The map was imported to
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Adobe Illustrator, set to a 50% transparency and designated as layer 0. Each
participant’s sketch map was subsequently designated as layer 1-40 corresponding
to their participant number. The sketch maps were aligned with the basemap so that
Milam Hall, Harrison Boulevard, and 35th Street were properly aligned to the
basemap. This method would allow the investigator to toggle visibility of the layers
independently so that each participant sketch map could be compared and analyzed
against the actual route.

Sketch map data analysis: GIS Method
The same scanned .tif files were also used for the GIS analysis method. Since one
of the goals of this project was to attempt to create a more quantitative analysis of
sketch maps, each scanned map was imported to a Geographic Information System
(GIS). A GIS is particularly suited for discovering spatial patterns in data (O’Sullivan
& Unwin, 2010). A key feature of the GIS is the ability to georeference features and
data to exact spatial coordinates. This allows for robust calculations that can serve
to uncover hidden elements.
Owing to the fact that all participants drew their maps on paper, the first step
was to digitize the maps and georeference them to a known coordinate system. The
blank maps that participants were given were originally traced from Google Earth
using Geographic Coordinate System (GCS) in the WGS84 datum. The same scans
used in the traditional analysis method were re-used in the GIS. In a new map
document, the scans were imported to ArcGIS 10.4 and geofererenced to a base map
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in the NAD1983 StatePlane Oregon North FIPS 3601 (Int’l Feet) coordinate system.
The basemap in this case was a polyline shapefile whose extent included all of
municipal Corvallis, downloaded from the Corvallis GIS data repository. The
shapefile chosen from a local government information model and subsetted
specifically to the “Impervious Surface” feature class. This shapefile was ideal
because it included the footprints of all buildings, roads, and sidewalks. In essence,
georeferencing to this shapefile re-projected the sketch maps to match the
coordinate system of the basemap. Also downloaded from the Corvallis GIS
repository was the street classification layer that categorized the streets according
to their use and function in the road network. For example, streets are categorized
as “feeders” or “arterials,” etc., depending on the connectivity with the rest of the
road network. This street layer was originally thought to stand in as a proxy for
level of activity on the road.
Georeferencing in ArcGIS is accomplished with a suite of tools found in the
Georeferencing toolbar. These tools require the user to know the exact location of
ground reference points present in the basemap, as well as in the layer to be
referenced. It is required that at least 3 points be used to reference a map, with 4 or
greater being recommended. In the case of the sketch maps, the three main
referencing points were as follows: 1) the point on the curb on the SE vertex of the
angle formed by NW 35th St. and NW Harrison Boulevard, 2) the NW corner of the
building footprint of Milam Hall, and 3) the point on the curb on the SW vertex of the
angle formed by NW 26th Street and NW Harrison Boulevard. Additional points were
then located along the line represented by NW 30th Street as needed. The goal of the
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georeferencing was to make the fixed map features – namely Milam Hall, Harrison
Boulevard, and NW 35th Street to agree to the basemap as much as possible. Once a
satisfactory alignment was achieved, the pairings were re-examined by viewing
error tables as created by the root mean square of residuals. In the event that high
errors were detected, that control point pair was deleted and the process repeated
until the error rates were acceptable. Acceptable errors were those that fell below
10 feet, since the error rate created by GPS signal bounce on the navigation devices
was greater than that.
Once the reference points were accepted, ArcGIS projected the sketch maps
in the same coordinate system as the basemap. At the same time, it outputted a
separate file known as a “world file” which is used by the GIS whenever the file is
loaded and carries the spatial coordinates.
The next step was to digitize the drawn maps and waypoints from each
participant. This was accomplished within editing sessions in ArcGIS. The features
on the basemap were set to a transparent fill so that the sketch map could be traced.
Each sketch map resulted in two new shapefiles. The first was a polyline layer that
contained paths marking the recollected track of each participant. The layer
contained three polylines corresponding to the device used for navigating that
segment; GPS, Glass, and null. The second shapefile was a point file that contained
the recollected locations of the six waypoints.
In both shapefiles the attribute tables were edited to include proper data.
The gender of the participant and the device used were recorded with every
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polyline and point feature. This was necessary in order to do further data
manipulation and analysis on the features. Figure 10 below is an example of a sketch
map for participant #30 that has been georeferenced and digitized in preparation
for GIS analysis.

Figure 10. GIS Digitized Sketch Map from Participant 30
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Data Analysis
Data analysis was a blend of quantitative and qualitative methods.
Quantitative data from surveys and wayfinding performance recordings were
analyzed statistically in IBM SPSS version 22, and in Environmental Systems
Research Institute (ESRI)’s ArcMap 10.3 (ArcMap, 2013) while qualitative data
collected and transcribed from observations and interviews were coded by theme
and were used to support and interpret quantitative results.
Descriptive statistics were explored for variables including analysis of
demographic variables. Correlations were calculated on all continuous and
categorical variables in order to explore the data and to begin relating data to
hypotheses. Wayfinding performance variables as well as coded sketch map
cognitive mapping variables were analyzed through the use of repeated measures
Analysis of Variance (ANOVA), paired samples t-tests, and factor analysis. These
procedures served to verify the hypotheses related to spatial cognition and
wayfinding performance. Results from the GIS analysis were complied into means
and plotted on graphs for comparison. These comparisons were used to provide
another point of view for the data, and involved a different set of computational
techniques.
Finally, semi-structured interview data was complied into tables and
calculated for frequency of occurrence. This analysis was used to test hypothesis 3,
and provided a qualitative look at user preferences with navigational aids.
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In order to quantify the sketch maps, several approaches to coding were
attempted. The first idea was to digitize the maps into polylines, and project them
into a Geospatial Information System map of the area with the true route plotted.
This posed several issues. The first, was error propagation. Some errors can have a
cascading effect on the magnitude of subsequent errors. A wrong turn can create a
map that is a mirror image of what it should be. Direct least-distance algorithms
could not take this into account. Regardless, Euclidean distance computations in the
GIS provided a direct quantitative method of comparing distances between actual
waypoints and remembered waypoints. This was performed and reported. In
addition, however, to account for the error propagation problem, each map needed
a level of cleaning and interpretation. The investigator in some cases was left
judging intent of the navigator’s drawing rather than actual results. Another error is
the tendency to misjudge more familiar places (near Milam Hall) over farther places
(such as the unpaved alley near 29th street). This also exacerbated sketch map
errors. By interpreting the intent of the participant’s drawing, the investigator was
able to prevent the magnifying effect of these early drawing errors.

Variables
Age and Gender: To explore the sample’s demographic information, age (1830, 30-39, 40-59, 59-69) and gender (female=1, male=0) were included on the
survey as radio-button options.
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SOD: In addition to the demographic variables, participant’s sense of
direction was examined using a 15 item scale, the Santa Barbara Sense of Direction
Scale (SBSOD) (Hegarty et al., 2002). SBSOD was measured on a 0-7 Likert scale,
where a higher value indicated poorer self-reported sense of direction. This is a
well-used scale found in many wayfinding studies where sense of direction is
considered a factor. Some of the items in the test were phrased positively, while
others are phrased negatively. In order to create a composite variable that had
consistency, the positive items had to be reverse coded to align with the others
before data analysis. The SBSOD score for the sample revealed a mean of 3.1 (SD =
1.14); the range was .47 – 6.07, indicating that self-reported SOD scores were very
widespread.
To examine wayfinding performances using glass and GPS, data were
analyzed with two groups of variables: Wayfinding Performance Variables and
Cognitive Mapping Variables. Wayfinding Performance variables were collected
during the actual field portion only. The Cognitive Mapping variables were designed
to probe the participants spatial memories, as well as the topological correctness of
those memories.
Wayfinding Performance Variables: While navigating with two devices,
following data were collected and used for data analysis as variables to study
wayfinding performances. See Table 3.
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Table 3
Wayfinding Performance Variables
Hesitations

Number of times that a subject paused for more than 5
seconds

Self-corrections

Number of Incidents where subject wandered off the
route by 5-10 meters, but was able to recognize the
mistake after 10-15 seconds. If the incident did not
satisfy the minimum criteria, nothing was recorded.

Missed Waypoints

Number of Incidents where subject missed the
waypoint and moved on without realizing.

Errors

Number of Incidents where subject wandered off the
route by 10 meters or more, and did not recognize the
mistake after 10-15 seconds

Time

The total time spent navigating with each device. This
resulted in a time for segments 2, 3, 4 and segments 5,
6, 7.

Walking Gate

As the participants walked from point 1 to point 2, the
investigator noted the time it took to walk a specific
120 meter section of sidewalk along 26th street
between Campus Way and Orchard Avenue. This
number was used to estimate the participants’ average
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walking gate.
Overall Orientation

After navigating to the last waypoint, subjects were
asked to point in the direction of the West Entrance of
Milam Hall. Error was estimated in terms of degrees by
+/- 30° increments with 0° being the true bearing of
Milam Hall.

Cognitive Mapping Variables: These variables were used to determine the
extent of spatial knowledge gained by the participant while navigating with the
devices. They are related to the task of recollecting space from rote memory. As
mentioned in the Literature Review, the main variables were: Image Recognition,
Distance Estimation and Sketch Map Errors. Image Recognition tested the accuracy
of scene memories. Distance Estimation tested accuracy of distances between
waypoints as navigated by the devices (Table 4).
Sketch maps tested the topological and geometric accuracy of the
participants’ spatial memories resulting from navigating with the two devices.
These instruments were used to test the validity of the H1 set of hypotheses. Sketch
maps were primarily evaluated for errors. Sketch map errors are comprised of three
sub-scales. These were: Incompleteness, Augmentation, and Distortion. As
previously mentioned, and according to Downs and Stea (1977), errors in cognitive
mapping can exhibit any of these qualities. For the purposes of this study, Downs
and Stea’s rubric was adapted and clarified for the particularities of the study
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methodology. Incompleteness was defined as a representation where some feature
is missing or represented incompletely in the map. Augmentation is understood to
mean the addition of features to a landscape, or an experience in a landscape, that
was not truly there. This could mean the addition of a physical turn or landscape
feature such as a structure. Incompleteness and Augmentation were scored through
simple counts. Distortion is exaggeration and misrepresentation of existing features
in terms of geometry, topology, distance or direction. In many ways, distortion is the
most difficult to analyze because the errors tend to compound, or propagate, and the
resulting analysis is scalar in nature. For this variable, a more nuanced approach
needed to be undertaken, and it was coded with a 0-3 scale. See Table 4 for
operational definitions.

Table 4
Cognitive Mapping Variables
Spatial Recognition

The number of correct image recognitions. Six
sets of images for each segment by four images
for a total of 24 images. Mean scores per device
were calculated.

Distance Estimation

Estimated length of each segment. For each
segment, the mean and the standard deviation
were calculated, noting which device was being
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used.
Sketch Map: Incompleteness

Number of omissions of critical turns. One point
was assigned per omission. Only items such as
omitted turns were counted under
incompleteness.

Sketch Map: Augmentation

Number of added features to the sketch map not
actually in the environment (one point per
added feature).

Sketch Map: Distortion

Scoring of distance or topological distortions:
For the purposes of this section, distance errors
relate to the length of segments drawn on sketch
maps. Geometric errors were angular
distortions in the representation of a segment
direction. A segment would be recorded as an
error if the segment trended incorrectly more
than 45°. Topological errors were non-metric,
and related to the sequence of features or their
interactions.


0 – no topology and geometry error,
distance error < 15 meters.



1 - Distance error > 15 meters and < 50
meters.
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2 - Topological or geometric error in
addition to distance error. The sketch
map demonstrates an incomplete
recollection of the route.



3 - Gross geometric error as well as
topological error. Also, gross distance
error > 50 m, or waypoint is omitted
from the map.

Examples of Sketch Map Coding are given below in figures 11, 12, and 13. In all of
the maps below, the red dots represent waypoints that were navigated to by a single
device. Conversely, the blue dots are the opposite device. The route direction is
counter-clockwise on the map, and the first red dot is waypoint 2. The other
waypoints follow chronologically.
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Figure 11. Sketch Map Sample, Participant 21

GG: 0 Augmentation, 0 Incompleteness, 1 Distortion (Segments 1,2,3)
GPS: 0 Augmentation, 0 Incompleteness, 2 Distortion (Segments 4,5,6)
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Figure 12. Sketch Map Sample, Participant 24

GG: 2 Augmentation, 0 Incompleteness, 1.67 Distortion (1,2,3)
GPS: 3 Augmentation, 4 Incompleteness, 3 Distortion (4,5,6)

82

Figure 13. Sketch Map Sample, Participant 10

GG: 1 Augmentation, 1 Incompleteness, 1.67 Distortion (1,2,3)
GPS: 2 Augmentation, 1 Incompleteness, 1.33 Distortion (4,5,6)
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GIS Analysis of Sketch Maps
As introduced earlier, sketch maps were analyzed using two different
methods: traditional and GIS. The process of analyzing spatial data for patterns is
outlined in Geographic Information Analysis (O’Sullivan & Unwin, 2010) and is a
practical guide for employing GIS tools to find patterns in data, and to prepare
geographic data for statistical analysis in this study. These techniques provide a
spatial understanding of how participants recalled the spaces they navigated, and to
understand whether or not choice of navigation aid had measureable effect on
spatial comprehension.
A GIS analysis begins with mapping the spatial or geographic location of the
data. An inherent difficulty with applying geographic techniques to sketch maps is
that the data under examination is a product of the memories of the participant as
they recalled and reported these spatial relationships rather than true physical
phenomena. Nevertheless, the tools provide an interesting and unique viewpoint on
the data.
Figure 14 below shows the product of the sketch map georeferencing and
tracing process. The points are coded by device, but associated attribute tables for
each point contain demographic information as well as participant number. Figure
14 shows the location of all sketch map waypoints relative to the location of actual
waypoints. The thick red line indicates the true path of travel. Figure 15, on the
other hand includes the digitized sketch map paths of each participant. Each path is
coded with a unique color. These maps provide an overall understanding of the
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relationship between sketch map points and paths with actual points and paths.
This allows the data set to be viewed in its entirety. However, in order to explore the
data it is possible to view subsets of the data as well, such as gender, device,
chronology, etc. This is the first step in the process of Geographic Analysis
(O’Sullivan & Unwin, 2010).

Figure 14. GIS Analysis – Participant Sketch Map Waypoints Plotted
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Figure 15. GIS Analysis – Sketch Maps Routes and Waypoints Plotted

A mean and median center was calculated for each device, as is suggested by
O’Sullivan et al. in Chapter 9. Both are measures of central tendency in a data set and
Identify the location that minimizes overall Euclidean distance to the features in a
dataset. These can then be compared with each other to determine which data set
exhibits the least error. Also, the mean and median centers are needed to plot the
directional ellipses.
Directional ellipses are another important step in geographic analysis,
according to O’Sullivan et al.. This process is a common way of measuring the trend
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for a set of points by calculating the standard distances in the x and y directions.
These measures define the axes of an ellipse (or ellipsoid) encompassing the
distribution of features. This is accomplished by employing the Standard Deviational
Ellipse tool within the GIS. In this case, the tool was set to return one standard
deviation.
Next, Kernel Density Estimations were calculated for each set of points. This
function calculates a magnitude-per-unit area from the point features using a kernel
algorithm to fit a smoothly tapered surface to each point unit. The defaults were
accepted for the parameters of the tool, but the default cell size was changed to 3
feet.
The final step in the exploratory geographic analysis is to create a Voronoi
map from the point data (O’Sullivan et al., 2010). The Voronoi map utilizes Thiessen
polygons to visually demonstrate the area associated with each point. Thiessen
proximity polygons are constructed through a triangulation process where each
polygon contains only one point. Any location within each polygon is closer to its
associated input point than to any other input point. The results of these analyses
are found in Chapter IV.
Spatial accuracy of subjects’ sketch maps was further investigated by
measuring the differences between the actual spatial location of each waypoint and
the spatially-referenced sketch maps within the GIS. First, the locations of the actual
waypoints were mapped. Next, the locations of waypoints on each participants’
sketch maps was also mapped. Using the Point Distance geoprocessing tool, the
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distances between the actual waypoints and sketch map waypoints was calculated
for each participant. By default, the point distance tool calculates every possible
combination of points. Therefore, it was necessary to perform the following SQL
expression:
OUTPUT: Actual_Waypoints <> Sketch_Map_Waypoints
This operation resulted in a table that reported distance errors only where Actual
Waypoint designator was equal to Sketch Map designator. This data was then
exported from ArcGIS to Excel for further analysis.
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CHAPTER IV – RESULTS
The results of this study are presented below, organized by type of analysis,
variable group under consideration, and generally follow the chronology of the data
collection. First, the results of the correlations are presented as an entry into the
data. Next, the wayfinding performance ANOVA is presented followed by the results
of the segment estimations. This is followed by the results of the traditional coding
of the sketch map ANOVA. A brief presentation of the results of a factor analysis is
next. After that, the results of the GIS Analysis of sketch maps with attendant GIS
information products is presented. Finally the results of the qualitative interviews
completes the section.

Results from Quantitative Analysis
Results of notable correlations are presented below. These are followed by
the wayfinding performance ANOVAs, and results of segment estimations and finally
ANOVAs results of cognitive mapping variables. The correlation table is found in
Appendix A.2 and abbreviated variable terms in Appendix A.1. Many correlations
were intuitive, such as positive correlations between GPS errors and GPS Missed
Waypoints. Also, since there were more missed waypoints with GPS than Google
Glass, it follows that longer time wayfinding with GPS would also be observed, r(38)
= .436, p < .005. This is also logical since in a wayfinding situation, errors tend to
propagate as stress level rises. Age was correlated with Google Glass self-corrections
r(38) = .412, p < .008 and with time r(38) = .460, p < .003, and this makes sense
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because older participants tended to have more difficulty focusing on the smallscreen form factor of Google Glass. This, of course, had an impact on time so longer
time was also correlated with age. The larger form factor of the tablet made viewing
the wayfinding instruction easier for older participants so self-correction and time
correlation was not seen when navigating with the GPS. Likewise Google Glass Time
and Google Glass Hesitation was correlated r(38) = .469, p < .002, suggesting that
the participants stopped more frequently and were paying close attention to the
device. This can be interpreted as care and precision, and was reinforced by the
qualitative observations that the investigator witnessed throughout the course of
the study. Another important correlation to note is the relationship between
distance estimations of both devices r(38) = .621, p < .000. This means that
participants who were good at estimating distances did so regardless of the device
that they used. This phenomenon was also found in comparing the Incompleteness
errors, r(38) = .551, p < .000, where, in this case, if a participant committed a sketch
map incompleteness error, he or she tended to do so regardless of the device they
used. This can be understood as a product of drawing abilities. In fact, Dünser et al.
(2012) found the same phenomenon. It is easier to commit an error of
incompleteness than any other error in sketch map drawing since humans have the
tendency to simplify the topology of remembered spaces when asked to draw them
later. Finally, Augmentation errors were also highly correlated with both devices,
Glass and GPS r(38) = .456, p < .003. Again, this correlation can also be explained in
a similar manner as Incompleteness. In comparing parts of the circuit where the
participant was required to make several turns in a short period of time, they
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tended to draw these areas in a stair-step fashion. To borrow a cartographic term,
this could be called a Manhattan distance, where serval turns are simply generalized
in an unrealistic way simply to convey the idea of rapid, tight, turning.
In general, wayfinding performance variables were correlated with other
wayfinding performance variables while spatial cognition variables were correlated
with other spatial cognition variables. Since the study called for a within-subjects
design, it meant that the variables were combined by device, and the means were
compared. This constituted two groupings of variables – those relating to Google
Glass, and those relating to GPS .

Wayfinding Performance Variables
The means of the variables needed to be analyzed to detect a statistical
difference between the two measurements. Since the spatial syntactic effects and
time effects were somewhat controlled by swapping the order of which device was
used first, a repeated measures ANOVA was performed on each group. Additionally,
a t-test was performed, somewhat redundantly, but served to reinforce the ANOVA
findings. These tests allowed a comparison between the two means.
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Table: 5
One-Way Repeated Measures ANOVA Results on Wayfinding Performance Variables
Wayfinding Performance
Variable (p)

GPS M (SD)

Google Glass M (SD)

𝜂𝑝2

F-value

Error (p <.000)

1.4, (1.215)

0.3 (.563)

26.363

.403

Missed Waypoints (p <.000)

0.625, (.740)

0.025, (.158)

23.797

.379

Hesitation (p <.047)

1.02, (1.29)

1.65, (1.70)

4.192

.097

Self-Correction (p <.114)

1, (.987)

1.35, (.975)

2.614

.063

The P value is the probability value of each variable.

Error. Overall, when participants used Google Glass they had lower error
scores than when they used GPS. Glass (M = .3, SD = .563), GPS (M = 1.4, SD = 1.215).
One-way repeated measures analysis of variance showed significance in these
means, confirming a higher error rate for the GPS platform F(1, 39) = 26.363, p =
<.001, 𝜂𝑝2 = .403. And subsequent paired samples t-test indicated that scores for
wayfinding errors were significantly different than using GPS over Glass t(39) =
5.135, p <.001.
Missed Waypoints. Likewise, while navigating with Google Glass, subjects
demonstrated fewer missed waypoints. Google Glass (M = .025, SD = .158), GPS (M =
.625, SD = .740). The investigator attempted to ascertain whether the subject merely
forgot to verbalize his or her arrival at a waypoint, but knew his or her actual
location. In the event that the subject could demonstrate his or her knowledge of
their location, a missed waypoint was NOT recorded. Therefore the missed
waypoints represent true omissions rather than omissions due to forgetfulness.
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One-way repeated measures analysis of variance showed significant difference in
the means between groups, confirming a higher missed waypoint rate for the GPS
platform F(1, 39) = 23.797, p = <.001, 𝜂𝑝2 = .379. And subsequent paired samples ttest indicated that scores for missed waypoints were different than using GPS over
Google Glass t(39) = 4.878, p <.001.
Hesitations. Hesitations were defined as periods of deep thought, where
attention was diverted to the act of interpreting the device alone. During a
hesitation, the subjects are unable to walk or even to carry on conversation. Subjects
routinely stand in one spot, scrutinizing the output of the device. Conversation is
filled with neutral vowel sounds, morphemes, or “fillers” such as ‘ah’, ‘um’, ‘er’, and
meaningful topics cannot be pursued during this time. This is indicative of high
cognitive load, where something in the output of the device does not make sense or
is difficult to see or interpret. Hesitations were generally scored if they lasted more
than 5 seconds, or if they resulted in brief back-and-forth pacing. Subjects wearing
the OHMD exhibited greater number of hesitations than did GPS users; Google Glass
(M = 1.65, SD = 1.70) and GPS (M = 1.02, SD = 1.29). One-way repeated measures
analysis of variance showed significant difference in the means between groups,
confirming a hesitation rate difference between wayfinding devices F(1, 39) = 4.192,
p = .047, 𝜂𝑝2 = .097. And subsequent paired samples t-test indicated that GPS
wayfinding exhibited fewer hesitations than OHMD wayfinding t(39) = -2.047, p
<.047. These results are subject to interpretation and are discussed at length below.
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Self-Corrections. Finally, self-corrections were defined as deviations off the
proscribed path, but the subject was able to realize the error and find their way back
to the proscribed path. (Instances where subjects realized their error, but could not
find their way were scored as “error” despite their consciousness of it. In general,
Google Glass users showed greater numbers of self-corrections than did GPS. Google
Glass (M = 1.35, SD = .975), GPS (M = 1, SD = .987). However, one-way repeated
measures analysis of variance showed statistically insignificant difference in the
means between groups, F(1, 39) = 2.614, p = .114, 𝜂𝑝2 = .163. And subsequent paired
samples t-test indicated that lower GPS self-correction scores than Google Glass
t(39) = -1.947, p = .065. The lack of statistical significance in the ANOVA tests of
variable is indicative that devices had little impact on the subject’s propensity to
self-correct. This topic if further explored in the Discussion chapter.

Segment Estimations
Participants were asked to judge the distance of each segment. They were
allowed to use any unit of measurement. For the purposes of analysis, the distances
were all converted to yards. The table below (Table 6) gives the means, standard
deviations, and actual segment lengths. Each segment was navigated by 20
participants with each device since the device primacy was swapped half-way
through the experiment. In other words, Segment 1 was navigated first by 20
participants using Google Glass, and then 20 participants using GPS, and so on.
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Table 6
Segment Estimations
Segment

1

2

3

4

5

6

500

262

190

338

323

557

116.25

42.4

-110.85

37.15

26.5

63.7

(134.78)

(83.91)

(68.63)

(113.54)

(95.80)

(187.31)

-11.5

-40.7

21.65

-6

18.15

162.85

(363.92)

(253.60)

(275.92)

(240.81)

(206.42)

(263.85)

Actual Measurement

Difference = Actual-GG
(SD)
Difference = Actual-GPS
(SD)

Figure 16. Comparison of Means

1 = Google Glass, 2 = GPS

In each case the standard deviations were larger for the group using GPS.
This means that the distance estimations were more widely scattered when using
GPS than for Google Glass, but the means of GPS was closer to the actual
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measurement than Google Glass. This suggests that the estimations were more
varied when participants were using Google Glass, and the error was wider (Figure
16.) Following the theoretical framework of the study, this result can be explained
by the attenuative power of OHMDs. Since attention was better focused, the
participants displayed a more accurate sense of the distances between waypoints,
and subsequently, a better topology.

Analysis of Cognitive Mapping Variables
Analysis of cognitive mapping were conducted with t-tests for image recognition
and ANOVA for sketch map variables.
Table 7
One-Way Repeated Measures ANOVA Results on Cognitive Mapping Variables

Cognitive Mapping Variable

GPS M (SD)

Google Glass M (SD)

𝜂𝑝2

F-value

Incompleteness (p <.000)

2.55 (2.132)

1.25 (1.479)

21.255

.347

Distortion (p <.000)

2.1 (.655)

1.4 (.56)

70.147

.643

Augmentation (p <.007)

1.52 (1.710)

.83 (1.107)

8.097

.172

Image Recognition (p <.316)

2 (.847)

1.8 ( .939)

1.033

.026

The P value is the probability value of each variable.

Incompleteness. Descriptive statistics showed that recollection of
wayfinding with Google Glass resulted in fewer incompleteness errors compared to
wayfinding with GPS; Google Glass (M = 1.25, SD = 1.479), GPS (M = 2.55, SD =
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2.132). This was evidenced through One-way repeated measures ANOVA as it
revealed a statistically significant main effect in device use on sketch map
incompleteness F(1, 40) = 21.255, p = <.001, 𝜂𝑝2 =.347. And subsequent paired
samples t-test indicated that scores for Incompleteness in sketch maps were
significantly different than wayfinding using Google Glass over GPS t(39) = -4.610, p
<.001
Distortion. For Distortion, a composite variable was created by calculating
the mean of 3 scores. 3 scores were recorded for each device, resulting in 2
composites per subject. Descriptive statistics were calculated showing that
recollection of wayfinding with Google Glass resulted in fewer Distortion errors in
the sketch map. Google Glass (M = 1.4, SD = .56), GPS (M = 2.1, SD = .655). One-way
repeated measures analysis of variance showed a main effect in device use on
magnitude of sketch map distortion F(1, 39) = 70.147, p = <.001, 𝜂𝑝2 =.643. And
subsequent paired samples t-test indicated that scores for Distortion in sketch maps
were significantly different than wayfinding using Google Glass over GPS t(39) = 8.375, p <.001
Augmentation. For Augmentation, straight counts were recorded per
incident. Descriptive statistics were calculated showing that recollection of
wayfinding with Google Glass resulted in fewer Augmentation errors in the sketch
map. Google Glass (M = .83, SD = 1.107), GPS (M = 1.52, SD = 1.710). One-way
repeated measures analysis of variance showed a main effect in device use on
magnitude of sketch map augmentation F(1, 39) = 8.097, p = <.007, 𝜂𝑝2 = .172 and
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subsequent paired samples t-test indicated that scores for Augmentation in sketch
maps were significantly different than wayfinding using Google Glass over GPS t(39)
= -2.846, p <.007
Image Recognition. Descriptive statistics of image recognition success
showed little difference between Google Glass (M = 1.8, SD = .939) and GPS (M = 2,
SD = .847). The results of the t-test demonstrated no statistically significant effect of
device use on a subject’s ability to accurately recall a scene; t(39) = 1.016, p = .316.
These results are elaborated in the discussion section.

Factor Analysis
Because the correlations seemed to demonstrate a pattern of general
groupings along the lines of device use, it was decided to attempt a dimension
reduction technique (factor analysis) as a way of reducing and combining variables
to provide a more streamlined point-of-view on the data. However, the factor
analysis loaded somewhat inconsistently, and in the end was discarded from the
data analysis. A summary of the method employed follows.
In accordance with current standards in statistical analysis, a parallel
analysis was first performed using a Monte Carlo Simulation of eigenvalues (E. S.
Kim, Dedrick, Cao, & Ferron, 2016). The parallel analysis was performed with a
normally permutatively generated data set of n=5000. This resulted in 2 definitive
factors to extract, with a third failing statistical significance at the p>.05 level by a
margin of .02 (raw data = 1.32, 95% = 1.34). See Scree Plot, Appendix E.1.
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The decision was made to accept the third factor because the Chi-Square
goodness-of-fit test after the 2-factor solution indicated that more shared variance
could be extracted, χ2 (89, N=40) = 87.32, p <.05, and that the 3 factor solution
showed less residual variance than the 2-factor solution. Maximum Likelihood
Estimation was used as the extraction procedure, and an oblique rotation (Direct
Oblimin) was also used to allow the factors to demonstrate correlation with each
other and to produce structure. The oblique matrix rotation distributed variance
evenly across the three factors, further strengthening the case for the third factor.
In analyzing the pattern matrix and communalities, however, the items did
not load cleanly enough to extract a solid factor analysis. The variance was spread
across multiple variables in such a way that factors could not be extracted. Reducing
the number of factor to 2 compounded the issue and produced even sloppier results.
In the end, it was decided that with an N of 40, and with the number of variables
under consideration, the test lacked sufficient statistical power and fell under the
recommended threshold for degrees of freedom. For reference, these items may be
found in Appendix E.

GIS Analysis of Sketch Maps
The main difference between the traditional method of studying sketch
maps, and the GIS method presented here is that the GIS method of determining the
locations of waypoints in the sketch maps uses Euclidean distance. The advantage of
the GIS method is that no subjective interpretation of the results is needed as done
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in previous studies (Kwan & Ding, 2008). Since the distances are point-to-point, a
raw distance score can be obtained, and this can be easily compared without further
manipulation. As suggested earlier, GIS tools are particularly suited for finding
patterns in data, and this presents a wealth of opportunities since sketch maps can
be analyzed using these tools. The figures below, (mean and median centers, the
Vornonoi map, as well as the Kernel Density Estimations) showed a tighter
concentration of remembered points, in relations to their actual locations, with
Google Glass sketch maps. This means using the “seeded” features on the sketch
maps, participants using Google Glass were better able to locate their waypoints in a
more accurate way in relation to the actual locations of the points, and in relation to
other points they drew.
As is visible in Figure 17, mean centers by device are reasonably close to
median centers for each device. Practically, this means that there are no clustering
outliers that are unduly influencing averages. However, a visual comparison of these
centers reveals that some waypoint mean and median centers are more
homogenous than others. Waypoint #3, for example (located on the very busy
Harrison Street) is the most tightly clustered result with both devices, while
Waypoint #6 is the most spread out. Further analysis indicates that sketch map
Google Glass centers are geographically closer to their actual locations than are GPS
centers.
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Figure 17. GIS analysis - Mean and Median Centers

The result of the Directional Distribution analysis reveals that the general
trend of dispersion of point in the case of both Google Glass and GPS is East-West.
However, visual inspection of these distributions shows that recalled waypoints
using GPS were geographically farther spread out than Google Glass waypoints.
Also, the ellipse formed by the distribution of Google Glass waypoints agrees with
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the actual distribution in a more accurate manner than the ellipse formed by GPS.
One important result to note is that once again, Waypoint #3 is noticeably outside of
both ellipses, indicating an east-west bias to the participant’s recollections,
regardless of device (Figure 18.)

Figure 18: GIS Analysis – Directional Distribution

Following the Directional analysis, the density of the distribution of points
was analyzed through the Kernel Density Estimation tools. The result is two maps,
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Figures 19 and 20. Visual inspection of both maps shows that the densities cluster
neatly and near to the actual location of waypoints in the Google Glass map. The GPS
map shows an indistinct density where densities are consistent in the North-Central
area of the study area. In the Glass map, each waypoint is distinctly recalled and a
local cluster can be assigned to each density hotspot. Waypoint #7 does not appear
in the GPS map as a significant hotspot. This indicates that the recollection of the
location of GPS waypoints on the map is not uniform, while the recollection of Glass
waypoints is distinct.
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Figure 19. GIS Analysis – Google Glass Kernel Densities
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Figure 20. GIS Analysis – GPS Kernel Densities

The next step, a Voronoi map analysis of all waypoints resulted in a dense
and ordered arrangement for points 2, 3, 4 and some disorganization associated
with points 5, 6, and 7. The maps shows that the spatial location of Waypoint #7 was
difficult to recall for all participants regardless of device. The spread of Thiessen
polygons for that waypoint is widely distributed across the study area (Figure 21.)
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Figure 21. GIS Analysis – Voronoi Map of Waypoints

Finally, the results of the Point Distance tool generated the degree of error
for each actual waypoint and its associated sketch map pairing. These errors, were
averaged by waypoint and by device in Excel. These averages were then compared
by standard deviation (Table 8), and plotted for comparison (Figure 22.)
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Table 8
Error and Standard Deviation in Feet by Waypoint
Waypoint
GG Error

1
407.33

2

3

4

5

6

498.61

483.42

440.46

404.30

612.70

Mean (SD)

(329.49)

(292.03) (462.41) (258.44) (364.61) (429.83)

GPS Error

485.10

529.88

Mean (SD)

(219.19)

(228.19) (303.52) (314.80) (309.89) (355.96)

551.01

598.80

463.45

700.95

Figure 22. Graph of Error (Ft) and Standard Deviation by Device
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Qualitative Analysis of Interviews
The formal semi-structured interviews occurred at the end of the experiment
and were designed to try to capture qualitative data that might help to understand
form factors and usability issues with Google Glass, especially since the use-case
comparison with GPS was fresh on the mind. However, during the course of the
experiment, the investigator captured statements that were offered casually, and
these were included in the qualitative analysis. During the actual wayfinding, the
investigator noted that participants were much more attuned to Google Glass in that
they commented about the screen and the navigation tools found on it. Statements
like, “The blue arrow is telling me to go this way” seemed to give the device an air of
authority. On the other hand, when using GPS the users would say “We need to go
this way,” claiming that authority for themselves. Participants also commented
excitedly about the form of the device, clearly showing enthusiasm and excitement.
The investigator noted phrases like “This is so cool!” and “Wow!”. Again these
statements were not used with the GPS tablet. On the negative side, Google Glass
attempts to orient the direction of travel in the “up” direction within the viewer.
This is helpful when it functions properly, but because the technology is unreliable,
a slow rotation of the field of view can occur. All participants who experienced this
commented that negatively about it. Statements like “The rotation is confusing me,”
were often heard.
From a behavioral point of view, when participants navigated with Google
Glass, they needed to walk carefully. As their attention was focused on the small
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viewer, many short stumbles were observed. These stumbles were often
accompanied with exclamations of surprise such as “Oops”. The investigator
observed that when navigating with Google Glass, participants were more likely to
hold their heads up rather than look where they were placing their feet..
Occasionally, back at the lab, the investigator asked the participant to recall a
statement or an event that happened in the field, and to reflect on that experience.
Since most people have had some experience with GPS, the questions were designed
to compare and contrast their experience with Google Glass, a novel device.
Participants were asked to think about their preferences and to support those
preferences with rationale. Repeated themes emerged from these discussions
specifically around “hands-free” and “Diversion of attention.” Interestingly, many
participants agreed that Google Glass focused their attention on the wayfinding, but
were split in opinion as to whether or not this was a positive result. Themes
provided in the tables below are coded and grouped to provide reference along with
counts of how many times this theme emerged in an interview.
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Table 9
Interview Coding
Device Preference

Count

GPS

24

Google Glass

16

Total

40

Pro Google Glass
Made you pay attention

33

Hands-Free

32

Good for hiking, running, driving

16

High tech and futuristic

14

Comfortable

12

Arrow rotated in direction of travel

5

When arrow worked it was better

4

Right level of detail

2

110

Anti-Google Glass
Rotation problem

35

Didn’t zoom properly

12

Hard to see – too small

8

Distracting from environment

5

Aesthetically poor, self-conscious wearing

2

Dizzying

2

Dangerous

1

Pro Tablet
Familiarity with platform

26

Manual pinch and zoom

10

Ability to see the big picture

6

Can forget about it

5
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CHAPTER V – DISCUSSION

The purpose of this study was to determine the effects of wayfinding aids on
cognitive mapping. In particular, the study sought to understand whether or not
Optical Head Mounted Displays had any different effect on cognitive mapping than
did traditional look-down GPS. The overall research question sought to understand
whether Head Mounted GPS use was as antagonistic to cognitive mapping as was
GPS, which was proven in other studies. A positive association between cognitive
mapping and OHMDs could mean that further research should be performed to
understand wayfinding interventions in the visual field. This study is complimentary
to the studies mentioned in the literature review, particularly those examining
effects of technologically assisted wayfinding. The work mentioned previously from
the lab of Veronique Bohbot at McConnell Brain Imaging Center at McGill University
linking cognitive deficits with GPS use is particularly congruent. (Bohbot et al., 2004;
Colombo & Bohbot, 2013; Iaria, Petrides, Dagher, Pike, & Bohbot, 2003; Konishi &
Bohbot, 2013; Maguire et al., 2006).
In general, strong differences were noticed between devices on several
variables. These differences demonstrated that the form factor of the device used in
wayfinding had a measureable effect in terms of in the wayfinding tasks. Wayfinding
performance was first to be analyzed through statistical methods, primarily
correlations and ANOVAs, and qualitative data was used to help interpret the results
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from the wayfinding performance. For example, longer times and greater numbers
of self-corrections would be understood through the lens of self-reported difficulties
with the device. Sketch maps were the second tool to be analyzed. These maps
represent the strongest evidence of spatial recollection available without advanced
medical imaging such as fMRI. Sketch maps have been used repeatedly over time as
a basic research tool for testing the robustness, topological correctness, and thought
processes related to a subject’s interpretation and subsequent recollection of a
space.
The study used the theoretical construct of the Hebbian Yerkes-Dodson Law
(Hebb, 1955) that maps arousal states to performance in processing of cognitive
loads. Also, Kahneman’s Attention Model paired with Attenuation theory offers a
method of explaining the results that seemingly contradict the Yerkes-Dodson
curve. This is a surface contradiction – when the models are examined with respect
to the data, the results show that the models in fact work well to explain the
phenomena revealed by quantitative wayfinding performance results. According to
Attenuation theory, it is possible to posit that the device itself attenuates
environmental input, filtering non-essential data while heightening perceptive
ability according to the Yerkes-Dodson curve. Google Glass amplifies the
environmental input by reinforcing the wayfinding cue, and fixing it in the mind of
the viewer to a particular environmental feature. The wayfinding behavior of
participants confirmed this throughout the course of the study, as they anticipated
turns vigilantly and looked for environmental clues that could help determine
where the turns were. GPS users, by contrast, tended to let their attention wander,
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as indicated by greater numbers of errors and missed waypoints. The correlations
between error and missed waypoints while under GPS use demonstrates this. Error
and missed waypoints were not seen under Google Glass use because the
participant was simply guided more strongly by the direct-visual cues of the device.
The body-mind-environment connection is visceral when the wayfinding aid is
worn, and actively participates in the field of vision. In this way, Google Glass serves
to keep the navigator at the peak of their performance relative to the rest of the
curve, and allows stimulus to be attenuated to peak performance.

Interpretation of Data
The participants in this study presented a rather homogeneous age group,
but were balanced in terms of genders. The sample was also more diverse ethnically
than the general population due to heavy response from foreign students.
Like Ishikawa et al. (2008), the study demonstrated similar antagonistic
effects of GPS use on quality of sketch maps, such as poor topological quality and
inaccurate cardinal/directional orientation, but these effects were diminished when
participants switched to Google Glass. This is particularly relevant to hypothesis H1,
which posited the error in spatial memory would be different according to device.
Similarly, some of the qualitative findings around device preference, and some of the
wayfinding performance variables such as time to completion reinforce Dünser et
al., (2012), where the participants found the intrusion of wayfinding technology to
be only somewhat helpful, that environmental conditions can seriously detract from
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the technology’s effectiveness. Like (Ishikawa et al., 2008; Willis et al., 2009), the
current study revealed a similar “slowing down” effect with the use of both
technologies, but the effect was more pronounced with Google Glass.
By the nature of its design, Google Glass overlays the wayfinding aid over the
field of vision. It is therefore difficult to ignore. This was reinforced in the interview
section of the study. Some respondents preferred this, some found it annoying, but
all agreed that their attention was constantly diverted to the task of finding the next
waypoint. Participants were able to put the device away when in use of GPS in
navigating. One common behavior with GPS was to look at the device, gather a
bearing, then continue to walk. Applying the Yerkes-Dodson law, the arousal state of
the participants controlled and decreased. Also, the novelty of the device made
participants more aware of it, and perhaps forced them to struggle with it, creating a
heightened arousal state.
Google Glass was associated with a more accurate sketch map that included
fewer errors and augmentations, and was more topologically accurate
(Incompleteness GPS:2.55, GG:1.25; Distortion GPS: 2.1, GG 1.4; Augmentation GPS:
1.52, GG: .83, Image Recognition GPS: 2, GG: 1.8). This was true in the more simple
segments of the circuit (2-4) and it was also true in the more complicated segments
(5-7). Sketch maps are notoriously difficult to interpret. In the Ishikawa et al.,
(2008) study, sketch maps were coded by counting the number of omitted turns in
the right directions and sequences. In another study, researchers were interested in
the configurational recall of the routes – whether the maps contained survey
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knowledge or were they simply route-based (Willis et al., 2009). In both cases, the
maps were used as a proxy for device effect, rather than as a demonstration of
spatial cognition. But Downs and Stea (1974), clearly refer to definite types of
sketch map errors which are discrete. These topological errors can possibly be the
result of different lines of cognition, and therefore it becomes important to consider
them independently. For example, the so-called “Brennan’s Law” of spatial
distortion is related to judged or attributed importance of landmarks rather than
geographic importance (Lee, 1962). In this study, the introduction of the GIS for the
analysis of sketch maps provides another tool that can augment the methods used in
the previous studies. Sketch map analysis will never be completely free of problems
but a spatial approach will help.
The image recognition variable did not show any difference relating to device
use. In other words, subjects were no more likely to identify the right image through
Google Glass than with GPS. This is surprising since other measures of spatial
cognition did increase with Google Glass use. However, it is possible the test itself
was inadequate to measure meaningfully. This is elaborated below.
Euclidean distances used in the ArcGIS analysis were complimentary to the
traditional analysis. However, in the GIS it is difficult to account for error
propagation that occurs when a subject draws a space from memory in a defined
area on a piece of paper . There is a tendency to compensate for spatial drawing
errors by sloppy drafting. In other words, the participant may simply correct the
effect of an improperly long segment by shortening the next one, even though this
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may not be product of a memory error. Likewise, turns are sometimes exaggerated,
or even added simply to make better use of the available drawing space on the page.
Traditional sketch map coding allows the user to account for these types of errors
by assigning points, rather than relying on spatial Euclidean-distance errors for the
coding.
In terms of wayfinding performance, navigators using Google Glass made
fewer errors, missed fewer waypoints, and were more likely to self-correct. These
finding support Hypothesis H2. They also made more hesitations than did GPS users.
Combined with the reporting from the semi-structured interviews, this performance
can be explained by invoking the Yerkes-Dodson curve. Their attention and stress
level is raised by the device, to an optimal level since the wayfinding cue is always
present. Also, the device attenuates environmental cues since the navigator is cued
to anticipate turns or long straight segments. When the waypoint is close, the device
illustrates the nearness by scaling the map automatically, indicating that the
navigator is on the right path and that the goal is approaching. Since the device is a
screen it potentially attenuates environmental these signals, privileging the visual
cues over other senses or sense of direction.
Insignificant results on the image-recognition test can be explained by the
choice of image. The image chosen was the waypoint itself, framed in the most
memorable way. This particular framing is problematic since the chosen image is
memorable regardless of which device was used. In retrospect, non-remarkable
images should have been chosen. For example, a crack in the sidewalk would have
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been better than a large house since it is easily overlooked. Each segment should
have produced several images rather than one, as it would be expected that
performance in these image tests would be poor. However, with a larger number of
images, it is more likely that the effect of device would be detected.
Finally, in terms of hypothesis H3, or device preference, some of the results
were surprising. Though most preferred the GPS tablet, the main stated reason of
preference was a technical rather than aesthetic one. The Google Glass platform was
still too unreliable to use regularly. Its constant need for reboots and configuring
was highly off-putting for many participants. Also, the rotation effect of the interface
was found to be distracting. Surprisingly, the aesthetic reaction predicted in H3.2
was not mentioned. In fact, the opposite was true in that many considered the
device to be “futuristic” and were generally enthusiastic about it. It is possible that
the demographic and age group (young adults in college) would naturally be
enthusiastic about technology, but more research would need to be done to
investigate that idea.
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Limitations and Recommendations for Further Research
One limitation of this study was the lack of a control group. It would have
been interesting, and would have provided greater statistical power if the study
could have utilized a control group. A control could have been useful for getting a
baseline of direct experience, where the participants would navigate without a
wayfinding aid at all as in the Ishikawa study (Ishikawa et al., 2008), or as in the
Willis study, (Willis et al., 2009), where the participants were given a map in a
learning phase before the wayfinding task . One would expect wayfinding
performance such as time, error, missed waypoints, etc. to be dramatically higher,
but, this would enable the inclusion of the effect of direct experience on cognitive
mapping as well.

Limitations in data collection
Due to the fact that the experiment was conducted outdoors, there were several
factors that could not be controlled, such as weather. The data collection was
conducted between January 1, 2016 and March 30, 2016. As weather in this season
in Oregon tends to be rainy, the investigator intentionally scheduled the experiment
between rainstorms when possible to avoid the difficulty of collecting data and
using electronic devices in the rain. In the event of heavy rain, the experiment was
rescheduled. Light rain was accommodated through the use of umbrellas that the
investigator held in order that the participant could maintain the hands-free status.
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Most days were overcast, which allowed the contrast of the screens on both devices
to be optimal.
Another problem was device malfunction. Both devices experienced a certain
amount of GPS bounce and technical connectivity issues. This is in part because of
the consumer grade quality of the devices. It is difficult to achieve good accuracy
consumer GPS, and more difficult still, when walking. Also, Bluetooth connectivity
was an issue, necessitating hard-device reboots periodically. These technical
problems caused the time variable to be very suspect. It is included in correlations,
but should be regarded very skeptically.
Another difficulty was timing the results. Timing the individual segments proved
difficult due to equipment problems. Both platforms had their own instability issues.
The Alcatel GPS is very much a consumer grade model and suffered GPS signal
bounce depending on the local tree cover and weather issues. Google Glass
occasionally exhibited Bluetooth connectivity issues causing the need to pause and
reboot equipment. These technical problems caused inaccurate timing as the
subjects did not immediately report problems they were experiencing.
The false image recognition test failed to show differences between the
devices. The appendix shows the style and quality of the images used. They all share
a certain compositional scheme, generally with a main subject, usually a building or
other landmark, framed in the center of every shot. It is possible that a different
result could have been achieved by varying the style and composition of the photos,
and perhaps choosing details from the environment rather than landmarks. The
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landmarks are so strong that they overwhelm the influence of either device and are
unable to capture potential effects.
Another limitation was the technology. The GPS signal was difficult to
maintain in the neighborhoods, and it is possible that this problem had an effect in
spatial cognition. Again, since the technological problems were clearly frustrating to
participants, it is likely that their stress levels were elevated as well. Since this study
utilizes the framework of Yerkes-Dodson, it follows that this stress could have had
an effect on performance. However, since the most crippling problems were poor
Bluetooth connectivity between Google Glass and the Alcatel tablet, it is possible
that this effect would have been more pronounced on the Google Glass variables.
Finally, the distance estimations were difficult to interpret. Since participants
were allowed to report their distance estimations in whatever unit they chose, unit
choice had a noticeable effect on their answers. For example, a user who chose to
report in yards or feet tended to provide a more specific answer. Those who chose
fractions of a mile provided fairly blunt estimations, in illogical intervals. They
tended to give wild answers to be sure that their answers were different. It is
suggested that the distance estimation test be done in a more controlled way,
perhaps through a multiple choice format.

For Future Studies
A recommendation would be to use geographic weighting in ArcGIS for
Sketch Map analysis. The current study relied on a spatial-pattern analysis, but it is
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possible to input a stronger model reflecting the environmental variables, such as
axial ridges and sightlines. The sketch maps could be manipulated in Arc in the same
way they were manipulated in Illustrator. Bin Jiang’s AxWoman (Jiang & Liu,
2009)could be used to analyze axial ridges in the environment, potentially creating
a quantifiable way of looking at the connectivity in the environment. This added
data could explain the effect of environmental characteristics on cognitive mapping,
A geographic analysis of the sketch map beyond a simple 1-3 score could provide a
richer source of data. Altering the python code of the Feature Compare
geoprocessing tool in the ArcGIS toolkit would perhaps be a starting point to
develop a tool for change detection in waypoints and wayfinding paths.
Further, the science of the neurologic side of wayfinding is evolving.
Technologies offer a clue to unraveling these mysteries because they function as a
sort of treatment, and studying effects of wayfinding technology on spatial cognition
can provide clues as to which areas of the brain govern specific wayfinding tasks.
Since this study demonstrated that navigators who use OHMDs over GPS as a
wayfinding aid tend to remember navigated spaces more accurately, further studies
could clarify this mechanism and test the links between head-mounted visual
systems of navigation and brain activity. Following the work of Bohbot et al., (2013),
and Maguire et al., (2006) that demonstrate links between spatial memory, GPS use,
and Alzheimer’s, OHMDs may be preferable for navigation since they result in better
spatial memory and could have a positive effect on Parahippocampal health. Spatial
cognition is one of the first mental processes that is lost during the early stages of
neurocognitive diseases such as Alzheimer’s disease and there is a high correlation
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between the decay of spatial cognition and dementia (Konishi & Bohbot, 2013).
Therefore, to the extent that wayfinding technologies are antagonistic to the
persistence of spatial memories, more research is needed to explore these
connections.
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APPENDIX A
Correlation Matrix

A.1: Key to abbreviations in the correlation matrix
Abbreviation

Meaning

Gender

Male, Female

Age

By age grouping

Familiarity

Mean of familiarity variables

first_num_corr

Mean number of correct image recognitions, while starting the
test with Google Glass first

sec_num_corr

Mean number of correct image recognitions while starting with
GPS first

sbsodtot

Mean of recoded SOD scores

GPSerror

Wayfinding errors with GPS

GPShesit

Wayfinding hesitations with GPS

GPSmissed

Wayfinding missed waypoints with GPS

GPSs/c

Wayfinding self-corrections with GPS

GPStime

Mean of elapsed time wayfinding with GPS

GGerror

Wayfinding errors with Google Glass

GGhesit

Wayfinding hesitations with Google Glass

GGmissed

Wayfinding missed waypoints with Google Glass

GGs/c

Wayfinding self-corrections with Google Glass
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GGtime

Mean of elapsed time wayfinding with Google Glass

GGDist

Spatial Cognition – Distortion with Google Glass

GPSDist

Spatial Cognition- Distortion with GPS

GGAug

Spatial Cognition – Augmentation with Google Glass

GPSAug

Spatial Cognition – Augmentation with GPS

GGInc

Spatial Cognition – Incompleteness with Google Glass

GPSInc

Spatial Cognition – Incompleteness with GPS
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A.2: Correlations
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APPENDIX B:
B.1 Survey
(These questions were asked before going into the field)
Q12 What is your gender?
 Male (1)
 Female (2)
Q13 What is your age?
 18-29 (1)
 30-39 (2)
 40-59 (3)
 59-69 (4)
 70-79 (5)
Q1 How familiar are you with the following locations: (You can see a map if you are
unfamiliar with these locations)
______ Historic Campus Hill West District (1)
______ Orchard Court Housing Complex (2)
______ Horticulture Crop Research Lab (3)
______ NW Harrison Boulevard (4)
Q2 How often do you engage in the following activities?
______ Visit the North-West corner of campus (1)
______ Drive on campus? (2)
______ Bike on campus? (3)
______ Jog or walk for exercise or fun in the Campus Hill West Historic District? (4)
Q3 To what extent do you agree or disagree with the following statements
______ I pay attention to art on campus (1)
______ I am very good at giving directions (2)
______ I have a poor memory for where I left things. (3)
______ I am very good at judging distances. (4)
______ My "sense of direction" is very good. (5)
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______ I tend to think of my environment in terms of cardinal directions (N, S, E, W).
(6)
______ I very easily get lost in a new city. (7)
______ I enjoy reading maps. (8)
______ I have trouble understanding directions. (9)
______ I am very good at reading maps. (10)
______ I don't remember routes very well while riding as a passenger in a car. (11)
______ I don't enjoy giving directions (12)
______ It's not important to me to know where I am. (13)
______ I usually let someone else do the navigational planning for long trips. (14)
______ I can usually remember a new route after I have traveled it only once (15)
______ I don't have a very good "mental map" of my environment. (16)
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B.2: Image Recognition
(These questions were asked upon return to the lab)
Q4 Which Image is closest to the location of Waypoint #2?
 Image 1 (1)

 Image 2 (2)
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 Image 3 (3)

 Image 4 (4)
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Q5 Which Image is closest to Waypoint #3?
 Image 1 (1)

 Image 2 (2)
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 Image 3 (3)

 Image 4 (4)

147

Q6 Which image is closest to Waypoint #4
 Image 1 (1)

 Image 2 (2)
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 Image 3 (3)

 Image 4 (4)
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Q7 Which image is closest to Waypoint #5
 Image 1 (1)

 Image 2 (2)
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 Image 3 (3)

 Image 4 (4)
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Q8 Which image is closest to Waypoint #6
 Image 1 1)

 Image 2 (2)
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 Image 3 (3)

 Image 4 (4)
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Q09 Which image is closest to Waypoint #7
 Image:1 (1)

 Image:2 (2)
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 Image:3 (3)

 Image:4 (4)

155

APPENDIX C
C.1: Field Notes Blank
Participant _________
GPS
Number of errors
Number of hesitations
Missed
Self Corrections
Notes:

Glass
Number of errors
Number of hesitations
Missed
Self Corrections
Notes:

Total time
Gate - time
GPS time
Glass time
Notes
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C.2: Semi-Structured Interview Questions
How would you compare your experience between navigating with Google
Glass and the Garmin GPS?
Probe: Which one did you prefer and why?
Probe: Which one felt more “natural”?

1.

Difficult to learn? User interface?

2.

Problems?

3.

Did you feel self-conscious?

4.

Liked with Glass?

Your walk took you on four different segments. Can you estimate the distance
you walked in each segment? You may answer in whatever unit you choose –
miles and feet or meters and kilometers.
Probe: Segment #1?
Probe: Segment #2?
Probe: Segment #3?
Probe: Segment #4?
Probe: Segment #5?
Probe: Segment #6?
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5.

Would you use glass? How? What would it take to get you to use it?
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APPENDIX D
Blank Sketch Map
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APPENDIX E
Discarded Factor Analysis
E.1: Scree Plot
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E2. Factor Pattern Matrix

E.3: Communalities

Pattern Matrixa

Communalitiesa

Factor
1

2

Initial
3

Extraction

familiarity

.410

.098

GPSerror

.869

.307

.334

sbsodtot

.318

.195

GPSmissed

.493

.173

-.120

GPSerror

.672

.999

-.412

-.086

.086

GGerror

.389

.224

familiarity

.282

-.094

.129

GPShesit

.471

.134

GGhesit

.273

-.059

-.030

GGhesit

.287

.079

ggDIST

-.472

.781

.090

GPSmissed

.462

.292

gpsDIST

-.051

.728

.018

GGmissed

.243

.074

GPSInc

.008

.506

.175

GPSs_c

.421

.187

GGInc

.036

.465

-.001

GGs_c

.478

.539

GGerror

.035

-.419

.285

gpsDIST

.577

.533

sbsodtot

.142

.386

.104

ggDIST

.702

.830

GGmissed

-.127

-.236

.692

GGAug

.536

.647

GGs_c

.196

-.077

.719

GPSAug

.459

.361

GGAug

-.357

.111

.046

GGInc

.515

.219

GPSAug

-.181

.300

.051

GPSInc

.548

.311

GPShesit

-.045

-.240

-.242

GPSs_c

Extraction Method: Maximum Likelihood.

Extraction Method: Maximum Likelihood.
a. One or more communalitiy estimates
greater than 1 were encountered during

Rotation Method: Oblimin with Kaiser

iterations. The resulting solution should be

Normalization.

interpreted with caution.

