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1 Introduction

Mild cognitive impairment (MCI) is a condition where the a[edted individual experience prob-
lems with their memory, but are not su lering from dementia or Alzheimer’s. The condition
usually a[edts the elderly (14 to 18% of people over 70 years old are aledted by MCI [I]) and
there are currently no treatment options available for individuals suLering from mild cogni-
tive impairment but several options are being investigated [2][3][4]. Sulering from a memory
disorder as this can make it hard or embarrassing to leave home or be socially active as it can
be hard to remember how to get to a destination or to recognize objects or persons. This is a
problem as it is found that being physically active helps the memory [5] and therefore sitting
at home passively accelerates deterioration of the memory. It is our belief that technology
can be applied to assist the memory of these individuals, to help them retain a normal active
and social life, which gives a better life quality [6] and has a positive e [edt on the memory
disorder.

Navigation is often a problem for said individuals [7] which this project will attend. The
use of navigational aids goes way back in time, and today the use of GPS technology allows
pinpointing devices within a few meters. This information can then be used to guide the user
of the device toward a destination, which has been a massive success in automotive naviga-
tion. However most elderly are not able to drive cars, but rely on cycles or walking to get
around their neighborhood and the same approaches, which have been used with great suc-
cess in automotive navigation systems, have been applied to pedestrian navigation systems.
However di [erent problems often require di [erknt solutions, and the automotive approach to
navigation systems might not be ideal for pedestrians. To illustrate this point, think of as a
person who knows how the area (navigation system) guiding another pedestrian (user). One
can hardly imagine a human showing the way using instructions like “turn left in 50 meters”.
A more likely scenario is the person saying something like “The destination is behind that
block of buildings” or “We need to turn left by the church”. Besides this a human is also able
to understand the other persons experience and act accordingly. A human is for example able
to understand short detours, such as deciding to go through a park even though it’s a longer
route, without telling the user to “make a u-turn when possible” all the time. These examples
show that the approach from automotive navigation systems is not ideal for pedestrians, and
that there is room for improvement.

Smartphones, GPS navigation devices and maps are all capable of successfully helping the user
navigating, but since they all rely on displaying their information through visual or audible
signals, it is fairly obvious to people around them that they are being assisted in navigating.
This might be a problem as the user might be embarrassed about his inability to navigate
the given environment, which can further be a hindrance for elderly with memory disorders
to leave their home. This reveals a need for a navigation solution, which is able to aid the
user while remaining invisible to the rest of the world. One way to approach this could be by
the use of tactile displays, as these can be worn hidden while providing feedback to the user
wearing it.
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1.1 Hypothesis

Wearable tactile displays can help individuals su [ering from MCI in pedestrian navigation, in
an everyday context, while avoiding social stigma

This examination of this hypothesis, relies on two assumptions and one delimitation:

There is a fitting way for the user to let the system know where he wants to go

Typically interacting with a navigation device follows the path of the user telling the system
the destination, the system telling the user what directions to take while en route and in
the end the system letting the user know that he has reached his destination. This problem
assumes that there is a fitting method of letting the system know where the user wants to go,
and therefore the focus is on the systems feedback to the user while en route.

There is access to precise positional information regarding the user

GPS and other positional technologies are not perfect as they can be imprecise or even loose
track of the user. Solving these problems belongs to other areas of research and therefore this
project will not contribute to solving them. However, if imprecise technologies are applied
then they will be applied in such a way that their imperfections do not interfere with the goals
of this project.

No support of public transport

The project is limited to examining navigation for pedestrians, not involving public transporta-
tion. Including public transport has been used with great e [edt to o [ed traveling alternatives
to walking, if the user is in a hurry or needs to travel a long distance, as shown in this study

[8].

1.2 Approach

Traditionally a single issue will be chosen as the main focus, which then will be examined in
detail. See figure [1.1] for a visualization of a traditional approach. However, in this project
several dilerent codependent issues are identified, and the approach for one issue aledt the
approach for others. An example one issue is the design of the display is aledted by the
information which is al[edted by another issue, what to display. Another example is the issue
of when to display, which aledt the issue of designing an appropriate signal. Therefore it
is appropriate to use a wide approach, looking at several issues at one time, visualized on
figure 1.2l The consequence of this approach is that within the time and resource scope of
this project, some issues are not fully examined. Instead preliminary solutions to the issues
are posed and methodology is examined and focus for further research is identified.

Previous literature on tactile displays all use custom built displays, and no appropriate com-
mercial displays were identified for use in this project. As a result considerable amount of
time and energy was spent on developing a tactile display for the project, which could serve
as a tool for examining the research issues found.

2



1.2. Approach

Traditional approach

“l want to save the world!”

“Can't save the world, but | can propose a —~_ 0O J OO00OOO . Problems

solution to a single problem”

\

“Seems this problem is complex, composed by O OO Subproblems
several issues”
Areas of focus

“To examine this issue we should focus on this area” O O Q

/
O

Analyze, create, evaluate, iterate, repeat Project

Figure 1.1: Traditionally research problems are approached as shown above. A problem is selected
among a pool of other problems. This problem has a subset of problems, of which one is selected
(sometimes this step can be repeated many times). The subproblem can be approached in di [erknt

ways so a focus is selected (the problem could for example be people with amputated legs wanting to

walk again. One focus could be on restoring that ability through technology, and another could be by

enabling them to cope with this need through psychology). At this point the single issue is identified
and will then be examined in detail.

Related issues approach

“I want to save the world!”

Can't save the world, but | c’an proposea O N OO -~ Problems

solution to a single problem”
“Seems this problem is complex, composed by Q\O O Subproblems
several issues”

“These issues are related!?”

Areas of focus

Analyze, create, evaluate, iterate, repeat Project

Figure 1.2: This project was approached di Lerknt from traditional projects, and changes are colored
red to make them easier to identify. When the focus for the project was examined it was found that
there were several issues demanding closer examination, and that these issues were related. As a
result several issues were examined in parallel.
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1.3 Academic Context

This project is part of a larger plan, which aims to help MCI patients using technology.
Another project is looking into using camera input to recognize objects or persons that the
user does not recognize or to locate landmarks, which can provide positional information when
GPS units fail. Another projects are looking into developing local databases with information,
which other systems can rely on (for example when entering the library, the local database
would contain information about the library).

1.4 Ethical clearance

At an early point during this project it was found that ethical clearance would be needed
to proceed with any experiments, due to the “Lov om et videnskabsetisk komitesystem og
behandling af biomedicinske forskningsprojekter” [9]. The local science and ethics committee
was approached and presented with the application found in appendix|[D]on page[83] After this
was revised based on comments from the committee, the committee found that the project did
not require clearance from the ethical committee to proceed. The revised application and the
answer from the ethical committee can be found in appendix [D] on page [83] As the deadlines
set by the ethical committee was early in the project period the test methodology described
in the applications is a bit outdated, compared to the final edition available in the report.

1.5 Contributions

It was found that MCI patients are not disposed to any physical disabilities, which means that
the contributions produced by this project can be of use for all elderly experiencing memory
disorders, disregarding whether or not they are diagnosed with MCI. Furthermore it was
found that to examine the hypothesis, several general issues regarding vibrotactile displays
and pedestrian navigation had to be attended to. The findings in these regards are generally
applicable, and not limited to elderly.

1.5.1 Vibrotactile belt

A survey of vibrotactile displays found that a belt form factor is the most promising, and this
project contributes with a design proposal for that form factor. The design rationales, the
specifications of the di [erent components, which are chosen to be easily available and cheap,
as well as schematics of connections are provided to enable other researchers to reproduce or
improve on the design. This design is implemented and used to examine how di [erknt aspects
of such a belt is perceived. The design of the belt is evaluated indirectly through the use of
it regarding other research issues. The design is found to be capable of guiding a user to a
desired destination, using the signals and methods described. It is also found to be capable of
delivering vibrotactile information to both adults and elderly. The precision of the compass

4
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used to inform the belt of the users orientation is found to be lacking in precision, and a
substitute compass is proposed.

1.5.2 Designing vibrotactile signals

To improve on previous approaches to vibrotactile signal designs, it is proposed to think of
them in the same way we think of sounds, as the experience of vibrations and sounds both are
expanded over time. The design of the signal was inspired by ADSR envelopes known from
sound synthesis, and used gradient increases in amplitude, to avoid surprising the user, in the
same way a sudden loud noise does. Three methods for encoding distance into a signal, through
amplitude, signal length and pattern modualtion are also proposed. A qualitative method for
evaluating vibrotactile signals was created to examine if the approaches were sound, and the
method was applied in a laboratory setting on four healthy young male adults (aged 25 to 26).
The evaluation method showed promising results, as it showed several unexpected subjective
results. The method is also easily adapted to a quantitative method, making it more fit later
in the development of vibrotactile signals. The evaluation suggested that the signal inspired
by ADSR envelopes was preferred over a similar signal based on fast amplitude changes. It
also showed that amplitude modulation was the least preferred method of encoding distance,
while the results did not show a clear preference towards either time or pattern modulation.
| find pattern modulation to be most promising so this was applied in a field study, where it
was shown to be a succesful design. The evaluation also inspired further development of the
pattern modulation signal. Further development should be examined.

1.5.3 Alternative to turn-by-turn navigation

A landmark-to-landmark based approach is proposed as an alternative to turn-by-turn and
the approach is evaluated through field studies using two healthy young female students (age
23 and 25). It is found that the landmark-to-landmark based approach is capable of aiding
the user in getting to the destination, but that there are dilerknces in how the dilerknt
approaches aledt the users experience. Explicit and high frequency information makes the
user feel constricted and bossed around, while more general and low frequency information
gives the user a feeling of freedom. However explicit high frequency makes the user feel safer
opposed to general low frequency information which makes them feel unsafe.

1.5.4 Elderly perceiving vibrotactile displays

Literature on the field suggest that elderly have a decreased sense of vibration. Therefore it
was decided to examine if it feasible to apply vibrotactile displays to elderly, by performing a
series of sensitivity tests. These tests also served to examine the reaches of the individuality
in the decrease that the literature suggests and whether some parts of the body are more
sensitive than others. The sensitivity test were conducted on five elderly women (age 65 to
73) and it was found that it is feasible to use vibrotactile displays with elderly, and that
the prototype developed is able to produce clearly perceivable sensations. It was also found

5



Aalborg University mealll038

that there was some individuality present in the subjective perception of the amplitude of the
actuators.

1.5.5 Informed feedback

It is discussed how a navigation system can be augmented to provide information when the
user wants or needs.

1.6 Outline

The chapters are outlined to provide an overview of the structure of the report as well as the
individual chapters.

Analysis This chapter contains an analysis of MCI patients, where tactile sensations, per-
ception in relation to navigation and spatial understanding in particular are examined. Fur-
thermore a survey of vibrotactile displays is conducted, and the chapter concludes with a set
of guidelines for developing tactile displays as well as a list of research issues that needs to be
examined.

Design of vibrotactile display The design and implementation of the vibrotactile display
developed for this project. The individual components, which make up the display are de-
scribed. The design is evaluated through the use in the experiments described later in the
report, and the design is proven to work, but several improvements are proposed.

Vibrotactile signals for navigation The design of the vibrotactile signal is described and
evaluated through a laboratory test. It is found that it can be beneficial to keep in mind
that tactile sensations expand over time, much like sound, which inspires the design of a
vibrotactile signals with distance encoded, which is examined in a laboratory context. The
primary method of this evaluation is having the subjects draw the perceived signal on a graph.
This is a novel method, which is evaluated and is found to be a fitting method for the task.
This examination shows that it seems most beneficial to encode distance through temporal
patterns and proposes

Alternative to turn-by-turn navigation This chapter examines alternatives to turn by
turn navigation for pedestrians. It is proposed to use landmarks as waypoints instead of
intersections, and this proposal is examined in a field study. The study showed a relation
between frequency and explicitness of the navigational information and the subjects feeling
of safety and freedom. Higher frequency and expliciteness, provided a higher feeling of safety

Vibrotactile displays and elderly The analysis left some questions unanswered as to
how elderly perceive vibration. This chapter describes and examination into this topic, and
especially whether the implemented belt is appropriate and perceivable for elderly.

Informed feedback This chapter discusses the possibility of and how to develop an intelli-
gent method of predicting and detecting when to display navigational information to a user.
However, the project ended before any of the proposed methods could be implemented and

6
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evaluated.

Conclusion This chapter sums up the findings of the project in relation to the initial hy-
pothesis and suggests research areas to focus on to progress.






2 Analysis

To examine the hypothesis analyses of MCI patients, tactile perception and spatial cognition
is conducted as well as a survey of the state of the art for tactile navigation displays.

2.1 Individuals with MCI

Late life memory disorders have had a lot of dilerknt descriptions, but in the late nineties
these were gathered under one diagnose, MCI [L0]. This makes MCI a fairly new diagnose,
which already has undergone several revisions. Most notably, it has been found that not all
MCI patients su Lerd from memory disorders, but the patients su Lering from memory disorders
make up two thirds of the patient population [I]. This project adresses the individuals with
memory disorders, where the diagnose is called Amnestic MCI, or aMCI for short. The other
group with the diagnose NonAmnestic MCI, or naMCI for short, will not be attended as they
experience di [erknt cognitive problems such as language, attention or decision-making [LI]. In
general aMCI patients are assumed to be above 65 years old, but it is noted that no attempts
at investigating the lower age threshold for aMCI has been identified in the literature on
the field. aMCI patients are usually able to do daily routine tasks, but complex tasks cause
problems, such as planning a family party or getting an overview of a big budget[1Z].

As this project addresses aMCI patients with problems navigating, it is reasonable to assume
that the findings will be generally applicable for individuals with navigation problems no
matter if the reason for this is aMCI or not. However, the focus will be on people age 65
and up, and people of this age may experience challenges in walking due to physical problems
[13, p.129]. As navigation already can be a complex problem, then the device should provide
and intuitively understandable display, to free as much of the users attention as possible, to
help the user focus on walking, detecting and avoiding tra Lc,_&njoying the scenery, talking to
friends, etc.

Individuals with memory disorder pose a problem regarding navigational aids, as they might
forget why they decided to go somewhere. Navigational aids (in all forms) are only able to
help the user, if the user has a desire to go to a charted destination. For this project it is
assumed that this is only a theoretical problem, unless evidence is found showing that it is a
practical problem.

2.2 Perception

Human perception has been an object of discussion for centuries, and due to the lack of com-
plete understanding of the way the brain function a complete theory describing the perceptual
system has not been found yet. Since this project relates to navigation, applying the Pre-

9
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cognitive ladder state -] stressors

decision

cognitive
resources:
memory
attention

Navigation—— A

_ o . system/
perception Steering "X_’ action P onvironment

sensation Control

Tt

T v A

display —

Figure 2.1: The Prenav model proposes by J.B.F. van Erp. The model describes how humans
perceive, understand and react in regard to navigation. Figure authored by J.B.F. van Erp [14, p.149]

nav model which describes human behavior in relation to navigational tasks, has been found
fitting. The model was proposed by van Erp [14, p.149] and can be seen on figure

The model describes a closed loop, which can be used to predict e [edts of altering di[erknt
elements in the model. The most useful concept in the model is the cognitive ladder, which
can be used to explain how sensations cause cognitive responses. The red gradient represents
increased cognitive load, meaning going from sensation through control to action uses lesser
cognitive resources than the perception through steering to action route does. Erp uses this
model in his work to argue how sensation can be used to create cognitive control responses,
that require as little cognitive resources as possible. An example of a sensation, which requires
little cognitive resources, could be slipping which directly leads to an action, countermeasures
to regain balance. Perception relies on more cognitive attention as well as memory, which can
be exemplified in decelerating when seeing a stop sign. It is distinctive from the sensation
reaction by having to interpret the sign. A percept can also be stored in memory, like when
you look at a map to memorize how to get somewhere. This can lead to decision, the most
cognitive intensive reaction, which is symbolized by being placed highest on the cognitive
ladder. An example of this could be the decision of whether to take the direct and shorter
but steeper road up a mountain or a longer but gentler ascent. This relies having to compare
the two routes based on either previous experience or imagination based on descriptions.

The rest of the model describes actions, which aledt the environment, which then is sensed by
the user, but actions can also change the system. The system could for example be a tomtom
device, where the user selects an option. An action can also be deciding to go forward, which

10
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is sensed by the system. The system updates the display, which is then sensed by the user
again. Lastly the environment change can contain stressors (for example vibration, wind, noise
or g-forces), which can change the state of the user, and decrease the amount of cognitive
resources available.

Due to the target group experiencing cognitive challenges in ordinary tasks, it was found that
a intuitively understandable display was desirable, which in the Prenav model is exemplified
by designing a interface which leads to a sensation->action-response. This sort of response
to tactile sensations are present as a child, such as the rooting reflex (turning head in the
direction of a tactile stimulus to the cheek) and the sucking reflex (sucking on objects placed
or taken into the mouth) among others [15]. As an adult we still have these kinds of reflexes,
such as when being tapped on the shoulder, which often will result in turning around to see
who (or what) did it. These kinds of responses require the least amount of cognitive load,
and therefore they should be desirable in relation to the users this project regards.

However, taken to the extreme the idea of provoking reflex responses in the user is not without
problems. At one point during this project the idea of applying electrical currents to a users
head, to turn his head in the direction of her destination was discussed. This wouldn’t
require any cognitive actions but one can hardly imagine this being a pleasant sensation and
it automates the users response, so that he isn’'t able to look out for other road users for
example. This example shows that a solution should allow the user to retain their free will.
This implies that the display should display information in such a way that the user can
perceive it but isn’t forced to react on it. This means that the suggestion to create a display
with the aim to make sensation to action route is undesirable. Instead one should aim to
create a sensation that is easy to perceive.

Another theory which relates to cognitive load is Wickens Multiple Resources Theory (MRT)
which predicts that when solving concurrent tasks (such as navigating, focusing on where
to put the next foot, etc.) then there are limited resources left to solve other tasks [16].
The theory predicts that each sensory channel has limited resources, to process incoming
information, which means that users experiencing cognitive overload can benefit of getting
additional information through other sensory channels. Moving around in tra [c_Use visual
and audible cues to get around safely by getting information about position, direction and
speed of other road users or looking for green lights. The tactile sense is involved in the action
of walking [14, p.21], but this is not requiring cognitive load (assuming that the user is not
experiencing anything out of the ordinary which could be a broken leg, numb leg, or the like
which would require the user to focus on the tactile responses to walk properly) so this theory
predicts that tactile displays are easier to perceive in the presented context and that tactile
displays can free up attention for visual and audible cues.

2.2.1 Tactile sense

The tactile sense can detect temperature, vibrations or pressure. Pressure based displays
requires force to be generated by anchoring the display to either the user or another stable
construction, which is complicated and often immobile, so pressure is disregarded as a feedback
method (For a general overview of such devices see [17], ch.2]). Thermal displays however have
been shown to be able to simulate di [erent materials by replicating their thermal properties,

11
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and that users are able to use this information to tell which material they are “touching” with
their hands [18][I9]. Another study [20] show that our forearm is able to detect very small
changes in temperature, as small as 0.30 Celsius which indicates that temperature could be
used as a display, without it having to produce burning or freezing sensations. Since this was
carried out in a lab context, it does not seem plausible that this could be reproduced in a
outdoor setting, so if heat was to be used larger changes are expected to be required. The
study used periods of 55 seconds pause between sensations, which indicates that displaying
rapid information is not a possibility with thermal displays. This is likely an e[edt of the
skin acts as a buler, retaining the temperature from the display for a while after it has
been applied. Another study has shown that our thermal perception has low spatial acuity
(especially at low stimulation levels, which further indicates indicates that the previous study
0.30 celsius threshold is not one which is realistically applicable outside a laboratory) which
results in more localization errors than touch [21, p.68]. Due to the limits of heat perception
and the unexplored aspects of outdoor performance, thermal displays won’t be applied in this
project, although their potential has not yet been fully investigated.

Vibration has been thoroughly investigated as navigation displays and several guidelines are
available for vibrating displays. Vibrating displays can convey information through patterns,
frequency or amplitude. Patterns can range from the simple being either on or o [_to more
elaborate patterns expanding over time. The skin is able to detect very small changes in such
patterns, for example in a continuous signal a break as little as 5,5ms can be detected [22].
Regarding frequency a resolution of no more than nine levels is recommended within 20 and 500
Hz [22]. 20 and 500Hz mark the detectable vibration thresholds, at the most sensitive parts of
our bodies, while other parts, like the torso have a threshold of 200hz [22]. Regarding frequency
it should also be noted that dilerknt frequencies have dilerknt subjective magnitudes [23],
and that vibrations at 200-250Hz have the highest perceived amplitude. Furthermore it is also
noted that the waveform of the vibration aledts the percept, as for example a square wave
vibration is more intense than a sine wave. Magnitude (within comfortable and detectable
levels) should be limited to four levels. Lastly information can be coded by location, for which
the resolution varies across the body, see figure [2.2]

A limitation of vibration-based display is that they are stretched over time, unlike for example
visual display, which can display static information. This can be a problem as the user
might not be ready to interpret the display when it displays information. A research project
examined this problem regarding pilots, where they got either audible or visual information
and it was found that the pilots were more prone to commit errors when receiving audible
information in comparison with visual [25]. To remedy this issue one can either alert the user
of incoming information, let the user decide when to get it or by adding a display which does
not expand through time, which the user can use if she did not understand or wants to check
the information from a vibration display.

It is noted that the elderly have diminished sense of vibration. A lower threshold in the area of
two to four times higher than that of young adults, is to be expected, see figure [2.3] However,
other studies suggest that the deterioration of the vibration senses is very individual and
complex as it is related to diet, environment, lifestyle, genetic predisposition, disability, disease
and side eledts of drugs [27), p.6][13, p.129]. It is not known how other aspects of vibration
sensing is aledted during aging, as perception of specific frequencies might change, specific
areas of the body might change, the upper threshold of acceptable vibrations might have

12
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Figure 2.2: Two figures depicting the distributed resolution of the tactile senses on the body (and the
brain). This was discovered by Wilder Penfield, who’s original drawings are the base of the figure to
the left, authored by Btarski[24]. The figure shows how big a part of the brain each part of the body

occupies on the brain, which matches the distributed resolution of the tactile senses. The figure to the

right is a depiction of how a human would look if the size of the limbs were as big as the sensory
resolution, which provides a better overview than the figure to the left, author unknown.

RAGE
VIBRATION THRESHOLD - TRARSAL

‘BB
g |

48 |

THRESHOLD

Fig. 2. Vibration perception threshold (VFT) as a
function of age. VPT is cxpressed as median of
four values measured from the dorsum of the right
foot. M=male (4+), F=lemale (O} Mote that the
Y axis is logarithmic

AGE

Figure 2.3: Vibration perception threshold (VPT) as a function of age. The threshold was measured
by from the dorsum of the right foot. The markers represent male (+) and female (0). Authored by
P. Halonen [28].
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changed or some other aspect. The individuality of the of the deterioration suggest that a
vibrotactile display should have the ability to adjust amplitude (this can also help the design
cope with the perceptual changes of a day with fine weather and a rainy windy day).

The survey of possible methods of displaying information to the tactile senses has shown that
using a vibrotactile display seems to be the most promising approach, and it will be the focus
for this project.

2.3 Spatial Cognition

Spatial memory records information about the environment and spatial orientation of human
beings. In relation to this project it is interesting to know how and if the spatial memory can
be stimulated and improved. Previous research have shown that over-reliant users of GPS
devices are disengaged from the navigation task and don’t generate spatial knowledge which
could be required if the GPS fails [28][29][30]. The benefit is of course that this indicates
that cognitive resources can be used on other things, such as thinking about a meeting or
what to buy once the grocery store is reached. However in several occasions this over-reliance
have made road users commit to actions that would not make sense, such as driving past
“closed for construction” signs [31], driving down streets with no room for the vehicle [32] and
prompted municipalities to put up signs to warn drivers of trusting their GPS devices, such as
those seen on figure 2.4} This happens even though it is well known that GPS devices are not
perfectly able to tell the route to take (As shown in this worldwide study where as much as
82% of in-car GPS users have experienced getting wrong directions, and 42% have experienced
getting dangerous or illegal instructions [33]. This disengagement from the navigation task is
not desirable for this project, which shows us that an alternative is needed.

Human navigation is based on subjective maps developed in the mind (referred to by some
literature as cognitive maps). These are developed by environmental exposure or by surveying
a map for knowledge [35]. However, as we don’t fully understand the brain and even less the
memory, there are many theories of cognitive maps ([36] provides an overview for those inter-
ested in looking into it). This project takes a simplified approach to the issue, by not choosing
any theory on cognitive mapping, but rather look at the acquisition of new knowledge. The
theories of zone of proximal development and knowledge of results are apt here, as they help
explain why the current GPS devices doesn’t support or motivate the generation of spatial
understanding.

Knowledge of results is a theory on learning that predicts that learning is obtained by being
presented with a task, and having some knowledge of the results. Walking is for example
learned by watching how ones parents do it, and by knowing what the end result should be
like, one experiments in using ones body until walking is achieved. However, this theory also
predicts that a high knowledge of results can be a bad thing for learning, as a math student
who has easy access to end results and a calculator able to produce the intermediate results
may never fully understand how to solve the problem. This mirrors the GPS devices, as they
don’t require the user to engage their spatial understanding to solve the task, as they provide
knowledge of the end- and all the intermediate results.

The theory of zone of proximal development describes a theory of how a person learns. For
this example we will use a person learning multiplication. A person might have the experience
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2.3. Spatial Cognition

Figure 2.4: Examples of signs being put up to alert users of GPS devices equipped with faulty

information. This illustrates that people believe and rely more their GPS devices than signs or regular
maps, when the information on the signs or maps clearly contradicts the GPS device. Images from

[34]

and skills required to do addition but not the skills to do multiplication. However, if there
is someone (or something) who is able to guide and encourage the person, then the person
might be able to sca [l the knowledge from addition to understand multiplication. However,
without the proper guidance and encouragement the person will not be able to learn multipli-
cation. This theory adapts to spatial understanding, in the way that navigational aids which
are designed to support spatial understanding should guide and encourage the user, but only
when needed.

2.3.1 Turn-by-turn navigation and pedestrians

Turn-by-turn navigation was designed for automotive travel, but research suggest that it is not
optimal for pedestrian navigation [37, p.26-29]. Turn-by-turn navigation was developed for
cars, where they provide easy to follow instructions, which is needed, as it often is impossible
to stop the car and orient oneself, as tra [CHas to keep moving. In the case of the pedestrian,
the user is much more resourceful as he can stop up and use time to orient himself, in which
case the user might benefit from a more coarse navigational aid, which allows the user to
navigate more independently.

Turn-by-turn navigation assumes that the user travels by defined paths or roads, but in the
case of the pedestrian this is not always the case as open spaces often can be traversed more
directly, as proposed in the following article which describes an algorithm for generating the
shortest routes in a open space [38]. This is a much more natural route plan to a pedestrian
than to have to follow paths and roads.
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2.4 Psychological e [edts of navigational aids

It is hypothesized that having information about a task and being reassured that it will be
solved can help reduce stress related to it. This is also the case with navigational aids, be
it maps, GPS or something third, which is briefly mentioned by some of the subjects in.
However one needs to be able to understand and trust the aid, as an outdated map or lacking
ability to read it, won’t have the same e[edt. This illustrates the need for a navigational aid
which is easy to understand, reliable and able to display information on demand. However,
this hypothesis is currently not verified through scientifically reliable evidence, and is not
examined further throughout this project. In relation to this hypothesis a previous study
found that users of a watch-like navigational aid which only provided directional guidance,
left the users feeling less safe than with a map [39]. This shows that besides being easy to
understand and reliable, navigational aids should also allow the user to gain an overview of
the route. This will allow the user to study and verify the route. The request for such an
overview might be related to the users’ trust in the system, meaning low trust would increase
the need for an overview.

Furthermore it is found that for some it is reassuring that they are being surveillance, which is
possible to do autonomously with wireless technology [40] [41]. It gives a sense of security to
some, somewhat reminiscent of going along with somebody else. However a general problem
with surveillance is that some see it as a bad thing, invading their privacy. If the user is
given control with whom to share the surveillance with, or if the surveillance can enable more
personal freedom (such as the dementia patients mentioned here [40] ) then surveillance could
possibly be more easily accepted. A navigational aid which knows the user position only needs
to be expanded by means of transmitting this information to support surveillance.

2.5 Wearable Vibrotactile Navigation Displays

Vibrotactile displays are most commonly known from game controllers (for improved immer-
sion and/or information) and mobile phones (for notifications). However, while it isn't a
commercial option yet, the thought of using tactile displays for navigation is not original, as
the idea has been proposed and explored in several research projects, though none with focus
on the user group that this project regards. A survey of previous projects will be conducted
to provide information and inspiration for further developing vibrotactile displays.

2.5.1 Belt

The most common approach to tactile navigation displays is the belt form factor, which
has been examined in several research projects [42][43][44][45][46]. The belts are all worn
at the abdomen and equipped with vibrators, distributing them in a circle around the user.
The resolution of the displays ranges from six to eleven vibrators in uniform and uneven
distribution. None of the distributions seem to While some vary the concept a bit, most of
the belts rely on displaying the direction of the next waypoint, by vibrating in that direction.
The belt with the least amount of vibrators, 6, was found to be able to help the user navigate
to a given destination. This results in a 60 degree resolution, which suggests that this type
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2.5. Wearable Vibrotactile Navigation Displays

Figure 2.5: The figure shows a jacket where the inside of it is covered with vibrotactile actuators,
which can be used to display three dimensional information. Authored by J.B.F. van Erp [14]

of display full use of the torsos 10 degree resolution in tactile detection [47] is not required
to succesfully aid navigation. The belts have been used to explore dilerknt kinds of signals;
some display the distance to next waypoint, some display the two next waypoints and some
don’t display anything else than direction. However, it is found that displaying distance to
next waypoint does not improve the time it takes for a user to reach it [48]. Commonly they
display information automatically controlled by a timed delay, A study which experimented
with encoding distance by changing the pause between signals, recommends that information
is displayed at least once every fourth second [4g].

2.5.2 Jacket

Compared to the belt form factor a jacket covers a much larger area and can be used to
display three dimensional information such as a horizontal line, which way down is, or the
three dimensional direction of a waypoint. This has proven helpful for pilots and space
marines, but no e[ants have been identified at exploiting the use of jackets for pedestrians.
An example of a jacket can be seen on figure 2.5

2.5.3 Glove

Gloves used as tactile display are worn on the most tactile sensitive area of the body, but
they are hard to apply in real life as they make it hard to use the hand too feel and grasp
objects as one would normally use the hands for. An area where it has been proven to work
quite well is as a navigational aid for the blind [49], which unfortunately is beyond the scope
of this project.
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2.5.4 Phone

As most mobile phones today are equipped with vibrators and positional sensors it seems
obvious to use these as vibrotactile navigation displays. However, phones are very limited in
their vibrotactile resolution, as the phone acts as a single vibrator and therefore isn’t able to
stimulate diLerent areas of the body. It has to rely on magnitude, frequency and temporal
patterns, and a research team who is currently looking into the matter have found that mag-
nitude and frequency seldom are variable on mobile phones, leaving only temporal patterns
[50]. This however only a practical limitation, should this form factor prove promising, then
it is a small technical matter to allow vibrators to have magnitude and frequency control.

2.5.5 Conclusion on survey

The survey has shown that the belt form factor is promising as navigational display. Jackets
are a better solution for 3d navigation, but this is not expected to be required within the
scope of this project. Gloves are not practical as they take up the hands, which we use to
interact, and phones lack tactile resolution. In summary it is decided that belts are the most
promising form factor for vibrotactile navigation displays.

2.6 Conclusion of analysis

Having completed an analysis of the problem area has shown that the project isn’t limited to
MCI patients, but elderly with memory disorders in general, that vibration should be used to
display tactile information and that belts is the most promising form factor for a vibrotactile
navigation display. This leads to a revision of the original hypothesis:

A vibrotactile belt displays can help elders experiencing memory disorders with pedestrian
navigation, in an everyday context, while avoiding social stigma

The analysis also has revealed the following findings

Navigational displays should be easy to perceive

To free up cognitive resources, which can be used to look out for tra [c,_tonversation, enjoy
scenery, etc. Using the tactile senses for navigational information helps this, as this can be
perceived while ears and eyes perform other tasks.

Elderly have a decreased sense of vibration

As many other parts of the body, the vibratory sense deteriorates. The deterioration is
expected to be individual, but it is currently not determined exactly how this deterioration
should be interpreted into design.

Turn-by-turn degrade spatial understanding
The explicitness o Lerkd by turn-by-turn navigation does not motivate spatial cognition.

Turn-by-turn navigation is not fit for pedestrians
Turn-by-turn assumes that the user follows road and paths, but often a pedestrian will have
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2.6. Conclusion of analysis

the choice of crossing a square, crossing through a building or taking shortcuts.

Overview of a navigation task reduces related stress
Information about a task is expected to reduce some of the tension one can experience in
relation to it.

Some like being under surveillance
Some people gain a sense of security in knowing that someone else is watching over them,
while others feel surveillance is an invasion of their privacy.

2.6.1 ldentified Research Issues

The analysis has shown that vibrotactile navigation displays have been proven to be able to
successfully help users navigate to a destination. However several general issues are identified
for vibrotactile displays and navigation, which prompts further examination before being
applying a solution to the target group.

Design of vibrotactile display

While the belt is a very popular form factor for vibrotactile displays, it has been realized in
many varieties, which shows that the definite solution hasn’t been identified yet, and more
research is needed to compare diLerkent solutions or maybe invent new ones. Dilerent tasks
may require di Lerknt display, as one display probably won't fit all uses (like writing a document
with a steering wheel or driving a car with a typewriter is less than optimal), which means
that a definite display solution may not exist, but several sub sets may.

Vibrotactile signals for navigation

The previous e [ants in developing vibrotactile displays have proposed several feedback pat-
terns using amplitude, patterns and frequency to display information. The designs of the
patterns however don’t seem to take the time dependent nature of our tactile senses into
account, which might could improve the design. Previous research furthermore haven’t ex-
amined what kind of signals the users find pleasing, but rather focused on making sure that
the user perceived the signals displayed.

Alternatives to turn-by-turn information

While some e Larits were identified in replacing the traditional turn-by-turn navigation scheme,
there is room for improvement. One such improvement could be more to provide more intel-
ligent feedback for the user.

Vibrotactile displays for the elderly

No previous elants have been identified to investigate the use of vibrotactile displays for
elderly. There are several areas that are interesting in this regard, for example, if it is possible
to design a tactile display which takes the expected individual detection thresholds of elderly
in consideration, how high resolution these displays could exhibit or how the elderly perceive
tactile displays.

Informed feedback
The current literature on vibrotactile displays uses uninformed approaches to determine when
to display information to the user. Informing a navigation system could possibly lead to more
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displaying less and more e Lcieht information.

Saocial aspects of tactile display for navigation

Does the fact that a tactile display can be worn out of sight positively aledt the users feeling
of stigmatization?
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3 Design of Vibrotactile Display

To examine the issues related to vibrotactile displays for navigation, one such needs to be
developed. Ideally this solution would be a[andable, light, have very long battery lifetime and
so forth. However, some freedom is allowed, as the goal is to examine aspects of vibrotactile
displays, not to produce a commercially viable one. The design should focus on the interactions
between the user and display to function as well as possible, while aspects like price and
battery life are secondary. They cannot be completely disregarded, as the size and weight of a
battery can interfere with the experience and mobility of the display. Keeping them secondary
however allows the researcher to focus and examine the, for this project, interesting areas of
the design.

Previous research on the area has used custom built solutions, as no there are no “o[the
shelf” displays available. It was earlier found that a belt worn around the abdomen would be
a promising form for a tactile navigation display (see section on page . This chapter
describes the design choices for the display, which has been indirectly evaluated through the
use of it in examining other research issues. This evaluation is very important as it can
highlight any flaws in the design, which can aledt the performance of the display and more
critically the results of the research conducted with it.

3.1 Design

The vibrators are arranged in a belt around the body in a nonlinear pattern, which has higher
resolution on the front and lower in the back. Such an arrangement is beneficial, because the
users are expected to head towards their goal most of the time. The total amount of vibrators
used in this design is based on the information that the torso has a 10 degree resolution [4],
which means that it won’t make any sense to use more than 36 vibrators, but some designs
using only 6 vibrators have been successfully applied as navigational aids. For this project
the belt uses a total of 8 vibrators. 5 in the front (one for every 30 degrees), 1 in both sides
and one in the back, see image [3.1] The reason to choose a higher resolution, than the lowest
one proven to work, is to enable versatility in later design stages - If one desires to experiment
using a minimal number of vibrators then this design still a[ards this.

To provide navigational assistance for user the system needs to know the users position,
orientation, distance and direction to desired destination. This information enables the system
to know what direction to display for the user. It was also found that it could be beneficial for
the user to request navigational information, see section [2.4 on page [16] so the system needs
to have an input, which the user can operate. It was also suggested, in section on page
[11}, that due to elderly having a individually deteriorated sense of vibration, the user should
be able to adjust the amplitude of the vibration. However, the literature on this topic did not
specify how this deterioration aledted their sense of vibration, so the nature of an amplitude
control cannot be determined. The problem is that the deterioration can a[edt the lower limit
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Figure 3.1: The distribution of the vibrotactile actuators on the prototype, seen from above. Five
actuators are distributed evenly with 30 degrees di Lerence on the front, two actuators covers right and
left and a single actuator covers the back. Figure created by author.

of what they are able to perceive, the higher limit of what is pleasant or it can aledt specific
frequencies.

At the time of creating this design it was not determined exactly how deterioration of the
elderly sense of vibration would aledt their experience, so the development of an amplitude
control was halted, and therefore not included in this design.

3.2 Implementation

3.2.1 Display

Vibration motors come in dilerknt shapes and sizes, and most rely on a motor, with o[l
balance weight being rotated. This design has been common since the 90’s where it became
popular in mobile phones, and it has been refined to the point where it can reside inside a
coin like design, see image [3.2) for examples of vibration motors. For this project a vibration
motor that can produce enough vibration to produce a sensation, which is clearly detectable,
by elderly was needed.

Inspired by previous research [5I] vibrators from mobile phones were initially acquired and
tested to examine their abilities. The vibrators, pictured on image [3.2, were from Samsung
D820, LG KC55, Samsung B100 and Sony Ericsson W5801 and they were found to be inad-
equate for the projects requirements, as their amplitude was too low. The vibrations they
were able to produce was simply not powerful enough to be perceived clearly. Furthermore
the lack of datasheets made it hard to gather information about how to use them and their
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3.2. Implementation

Figure 3.2: A selection of mobile phone vibration motors with the weight exposed and others in coin
design. The LED is for size comparison. Figure created by author.

capabilities, which would make it hard to reproduce the design. Researching a fitting replace-
ment, the C2 tactor [562] was considered as it was recommended in a survey of vibrotactile
actuators [53, ch.4]. The survey highlights the diCerent properties of di [erent approaches. It
was found that the best option would be a linear actuator, because of their ability to control
amplitude and frequency independently such as the C2. However, this was not available at
the time. Instead the replacement was found in the Precision Microdrives’ 307-100, to which
the datasheet is available in appendix [D] on page [83] This is based on rotary motion, which
wasn’t optimal for this project, as amplitude and frequency is linear dependant. Using rotary
motion to provide vibration means that frequency can’t be investigated as means of encoding
information, but besides that they are su [Cieht for this project. The 307-100 comes with
ample documentation, the ability to produce vibrations at amplitudes expected to match the
requirements of the project and they are reliably available. The vibrator also had the benefit
of having a plastic housing, which means that the design of the belt does not have to take
any moving parts into consideration.

The physical belt was made out of Velcro to make it easy to fit di [erent body sizes. The actual
belt was made up of one part of the Velcro and vibrators were attached to small patches of
the other part of the Velcro. The final belt can be seen on figure 3.3

3.2.2 Sensors

To guide the user the systems needs to know the users position and orientation. Position is
acquired by using a gps receiver, specifically the LS20031 from Locosys [54]. GPS technology
is not flawless ( for a overview of the errors a GPS system can experience see [55]) especially
urban canyons can pose a problem for GPS receivers. This project does not aim to find
examine localization errors for urban environments, so for this project GPS will su [Cceland
test environments will be chosen to minimize the errors of localization. To acquire the users
orientation a magnetic field sensor, the HMC6352 from Honeywell, is used [56]. This sensor
senses the magnetic field of the earth, and uses it to calculate what direction it is pointing in.
By attaching the sensor to the user the system is able to determine the users orientation and
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Figure 3.3: The belt part of the display. The vibrators are attached to small Velcro patches which
can be rearranged to accommodate the size of di [erent users. A bare vibrator lays in front of the belt
with a pencil for size comparison. Figure created by author.

point the user in the correct direction. During development it was noted that the vibrators
create magnetic fields, which interfere with the sensors readings, which meant that the compass
couldn’t be mounted near the vibrators. Instead it was mounted on the users shirt using duct-
tape. In addition to sensing orientation and location, a push button was added to sense when
the user wanted the display to show navigation information.

3.2.3 Processor

The processor interprets the signals from the sensors and use these to determine what to
show to the user. An Arduino Mega [57] was chosen as the processing component, due to the
amount of in and outputs as well as ease of development. The smaller versions of Arduino
would not support the amount of 1/0s needed, and working with a naked microchip would
be harder to develop for, as well as require developing some assistive circuitry. Even though
an Arduino Mega was chosen some assistive circuitry was needed, as the Arduino Mega is not
capable of powering the vibrators on its own, as they require 430mA to start, and typically
130mA during operation, which is way above the 40mA that the Arduino Mega is able to
provide from it’s outputs. Therefore transistors (in this case MOSFETSs) were used to as
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