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Abstract
We present the Attentive Hearing Aid, a system that uses eye input to amplify the audio
of tagged sound sources in the environment. A multidisciplinary project, we use the
latest technology to take advantage of the social phenomenon of turn-taking in humanhuman communication, and apply this in a new kind of assistive hearing device. Using
hearing-impaired participants, we evaluated the use of eye input for switching between
sound sources on a screen in terms of switch time and the recall of audiovisual material.
We compared eye input to a control condition and two manual selection techniques:
using a remote to point at the target on the screen, and using buttons to select the target.
Results show that in terms of switch time, Eyes were 73% faster than Pointing and 58%
faster than Buttons. In terms of recall, Eyes performed 80% better than Control, 54%
better than Buttons, and 37% better than Pointing. In a post-evaluation user experience
survey, participants rated Eyes highest in “easiest”, “most natural”, and “best overall”
categories. We present the implications of this work as a new type of assistive hearing
device, and also discuss how this system could benefit non-hearing-impaired individuals.
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CHAPTER 1. INTRODUCTION

Chapter 1
Introduction
In this thesis we present a new type of assistive hearing device: the Attentive Hearing
Aid. The major problem with current hearing aids is that they are unable to distinguish
between desired sounds in the environment, and unwanted background noise.

Our

system eliminates this problem by selectively amplifying the audio of tagged sound
sources in the environment that the user is looking at.

We conducted a thorough

evaluation of the system in which we compared the use of eye input for switching
between sound sources on a screen with a control condition and two manual selection
techniques. We measured the time taken to switch from one target to another and the
recall of the material presented audiovisually, as well as subjective reports from a postevaluation survey.
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This first chapter touches on the idea of ubiquitous computing, a term coined in the
early 1990s by Mark Weiser [62]. We then focus on the Attentive User Interface (AUI)
paradigm, in which devices, including ubiquitous devices, infer knowledge about the
user’s attentive resources in order to effectively communicate amongst themselves, and
with the user. Later, we discuss the significance of eye gaze as an indicator of user
attention that can act as a parallel but independent channel of input.

The chapter

concludes with the contributions of this work, and an overall outline of the thesis.

1.1 Ubiquitous Computing
Human-Computer Interaction is a branch of computer science that focuses on the
connection between users and computers, with the ultimate goal of making interfaces
more intuitive and easier to use. Ubiquitous computing can be envisioned as a fullyconnected world where computers are anywhere and everywhere, and blend seamlessly
into the user’s environment [62].

In the past, large groups of people shared large

mainframe computers resulting in a many-to-one relationship. Presently, we are in the
age of personal computing, with a one-to-one relationship between user and machine.
We are starting to enter an age where there is a one-to-many relationship, with hundreds
of computers so embedded in our everyday lives that we actually fail to notice them.
People will soon be able to almost subconsciously use these computers to help them
accomplish their everyday tasks. The first clues that we are entering this new era lie in
smart appliances, for example lights and stereo systems that sense when the user is there
and react accordingly.

CHAPTER 1. INTRODUCTION
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1.2 Attentive User Interfaces
With multiple devices continuously competing for the attention of a single user, we often
find ourselves being constantly bombarded with notifications and requests. As such, user
attention has become a limited resource that must be efficiently rationed and allotted
accordingly. The Attentive User Interface (AUI) paradigm [57] seeks to address this
issue by having devices that sense when they are being attended to, and negotiate
amongst themselves for the user’s attention. The aim is full awareness of the user’s
attention space in order to optimise all processing and communication that occurs
between the user and the devices, tasks, and people in their space.

1.2.1 Principles of Attentive User Interfaces
Attentive User Interfaces (AUIs) aim to recognise and communicate about a user’s
attention space. According to Shell et al. [41], AUIs have five key features:
1. Sensing attention: AUIs can determine what device, person, or task the user is
attending to by monitoring the user’s body orientation, eye fixations, and physical
proximity.
2. Reasoning about attention: By modeling user attention and behaviour, AUIs can
estimate task prioritisation and predict attentive focus.
3. Gracefully negotiating turns: AUIs should determine the user’s availability before
taking the foreground. They first check the priority of the incoming interruption,
then signal the request to the user via a peripheral channel, and finally sense that
the user has acknowledged the request before taking the foreground.

CHAPTER 1. INTRODUCTION
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4. Communicating attention: Once AUIs have identified the user’s attentive focus,
they should communicate this information to other devices and remote people.
This allows the entire system to know what or whom the user is attending to, and
if the user is available for incoming communication.
5. Augmenting attentive resources: AUIs may augment user attention by optimizing
the user’s resources. For example, magnifying the information that is currently in
focus, whilst attenuating details in the user’s periphery.

1.2.2 Significance of Eye Gaze
The significance of eye gaze in AUIs and HCI in general has been well-researched at
research labs such as the Human Media Lab at Queen’s University and IBM Almaden
Research Center. By augmenting everyday technologies with inexpensive eye contact
sensors, almost any device can be attentive to the user’s interests.

Examples of

implementations include the Attentive TV [44], AuraLamp [43], and the Attentive Cell
Phone [42].
In an enlightening study, Maglio et al. [29] investigated the effectiveness of
speech control in a so-called “office of the future” containing several typical office
appliances (printer, calendar, address book, etc.). The researchers ran a Wizard of Oz
study in which participants were provided with a list of six common office tasks, and
asked to perform the tasks using only verbal commands. Their results showed that
participants generally made imperative statements without specifically referring to a
particular appliance, and tended to look at the appliance before verbalising the command.
For example, instead of saying “Printer, give me a copy”; participants tended to first look
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at the printer, and then say “Give me a copy”. This seems like a very natural interaction
as it is common in human-human communication, where eye gaze often precedes and
indicates the target of verbal communication.
In Chapter 2 of this thesis, we present a thorough discussion of the role of eye
gaze in human-computer communication; describing eye gaze for selection on-screen, in
virtual environments, and most importantly, in the real world.

1.3 Problem Statement
As we will discuss in Chapter 3, the most common reason for hearing aid rejection is the
intolerance of the large amount of background noise. Traditional hearing aids simply
amplify everything in the user’s environment, and then pipe this cacophony directly into
the user’s ears. This excessive amount of unwanted background noise has been shown to
result in the avoidance of social situations, as well as negative physiological and
psychological changes [30] discussed in Section 3.4.2.

The Attentive Hearing Aid

system allows users to visually target what they wish to listen to, and background noise is
therefore greatly reduced.

1.4 Contribution
The contribution of this work to the field of Human-Computer Interaction is two-fold.
The most important contribution is the introduction of a novel hearing aid that allows
hearing-impaired users to visually target desired sound sources in their environment. We
provide an in-depth evaluation of our system, in which we compare the Attentive Hearing
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Aid to two manual selection techniques in terms of switch time and recall. Hearing aid
wearers already have to suffer with the stereotypes, discomfort, financial burden, and
social stigma of wearing assistive hearing devices. It is our hope that by improving one
aspect of their daily hearing experience, hearing aid users may enjoy a better quality of
life.
A secondary contribution lies in the evaluation of a new type of eye tracker for
performing calibration-free deixis1 in the real world, without the need for manual input
devices. Therefore, as well as being beneficial to the hearing-impaired community, this
technology could also prove useful for people who need to communicate in noisy
environments, or people who have trouble concentrating in the presence of multiple
sound sources. For example, perhaps children with Attention Deficit or Autism Spectrum
Disorders could use this technology to help them better focus on the teacher’s voice in
distracting classroom environments.
The Attentive Hearing Aid project integrates the anatomy and physiology of the
human eye and ear, software and hardware engineering, psychology, and sociology; and
demonstrates the truly multidisciplinary nature of the field, which personally, is my
favourite part. My personal contribution to this project was conducting the evaluation of
the Attentive Hearing Aid system. I researched and wrote the nine stories used in the
videos, created the multiple choice questionnaires, interviewed and hired actors, recorded
the videos, and then did post-processing so that all 27 videos were consistent.

I

conducted telephone interviews with over 50 potential participants, and pre-screened
1

Instead of providing spatial coordinates in the environment like traditional eye trackers, our system
specifies a particular referent (object or person) in the user’s environment [50]
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until I was able to narrow the participant pool down to 14 participants that were well
suited to the evaluation. I then ran all of the experiments myself, collected the data and
did all of the statistical analyses on both our two objective measures (switch time and
recall) as well as our subjective measure (post-evaluation survey).

1.5 Outline
First, we will cover background information about the human auditory system, and the
current state of assistive hearing devices on the market today. Next, we focus our
discussion on eye-based selection in three different realms: on-screen, in virtual
environments, and in the real world. We then concentrate on the Attentive Hearing Aid
system itself, describing its implementation, usage, and several application scenarios.
The bulk of this thesis focuses on our evaluation of the system, and discusses the
experiment we conducted to compare our visual selection system with two manual
selection techniques: buttons and pointing with a remote control. We present a thorough
analysis of our two dependant variables: switch time (the time taken for the participant to
switch from one target to the next), and the recall of the audiovisual material presented in
the videos; as well as well as user experience data obtained from a post-evaluation
survey. We close by discussing our results in general, as well as some interesting
observations and future directions for this work, and conclude with a brief summary.
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Chapter 2
Literature Review:
Eye-Based Selection
Many studies in recent years have addressed the issue of eye input for selection in three
different realms: on-screen, in virtual environments, and in the real world. As detailed in
[21], there are many arguments for the use of eye gaze for focus selection:


The use of eye input for switching is effectively “free” for the user; as eye
movements require very little conscious effort;



People naturally look at objects of interest in the environment [25]; and eye gaze
is frequently used in human-human communication to indicate whom the next
speaker should be [58];
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Eye input prevents overloading of the hands because eye gaze is an independent
but parallel input channel;



Eye movements are significantly faster than hand or head movements;



Reducing manual input may reduce the incidence of repetitive strain injuries.

2.1 Eye-Based Selection On-Screen
One of the first publications on eye movement as an input method [59] compared three
different selection methods: physical button press, dwell time (of 400 ms), and an onscreen select button (first fixate on the desired target and then fixate on the select button).
The researchers set up a display with seven “menu items” arranged in a vertical column;
which were randomly highlighted one at a time to indicate the target item. The time from
the instant the item was highlighted to the instant the participant selected the target was
measured. Results showed that selection using the physical button and dwell time were
equally fast; and both of these methods were significantly faster than using the on-screen
selection button.
In [26], Jacob performed a study comparing selection with a physical button press
versus dwell time. The participant’s task was to fixate on a specific ship on the screen,
and then select it using one of the two aforementioned techniques. The researchers
observed that short dwell time (150 – 250 ms) was much more convenient, especially
when erroneous selections could be undone in a trivial manner.
Sibert and Jacob [45] compared the time to select a target using eye gaze versus the
most widely-used selection device: the mouse. The first experiment examined “raw”
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selection time, and simply required the participant to select a single highlighted circle
from a 3x4 grid of circles. Their second experiment added a cognitive load factor,
whereby each circle in the grid contained a letter, and the name of the target letter was
presented auditorily. Results from both experiments consistently showed that average
switch time was significantly faster with eye gaze than with the mouse.
In 2005, Fono and Vertegaal [22] presented EyeWindows; an attentive windowing
technique that uses eye input for window selection and zooming. They chose four focus
selection techniques as conditions in their evaluation.

In the hotkeys condition;

participants used the F1 – F12 keys to select their desired focus window. In the mouse
condition; users moved the cursor over the desired window, and then left-clicked to select
it. In the eye tracker with automatic selection (eye + auto), the target window became
selected immediately when the user looked at it. The eye tracker with key-activated
selection (eye + key) condition required users to first look at the desired window, and
then press the space bar to actually select it.
The results from the EyeWindows evaluation showed significant differences
between all conditions; with eye + auto being the fastest, then eye + key, then mouse, and
hotkeys the slowest. On average, eye input was actually shown to be about twice as fast
as the two manual selection techniques. User satisfaction surveys showed that
participants significantly preferred using the two eye techniques over the two manual
conditions. The results of this study are very promising, and very relevant to our work.
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2.2 Eye-Based Selection in Virtual Environments
In a virtual setting, Tanriverdi and Jacob [52] conducted an experiment comparing the
performance of eye movement versus traditional three-dimensional pointing. They also
investigated performance differences between close (within arm’s reach) and distant (out
of reach) objects. Their hypothesis was that eye input would outperform traditional
pointing.

As expected, results showed a significant performance increase for eye

movement-based interaction over pointing, especially in the distant condition.
Cournia, Smith and Duchowski [20] extended this work with two differences:
they placed the virtual objects in a 3D sphere around the user, instead of in a single plane;
and they used a virtual wand for pointing (as opposed to the user’s finger). A technique
called ray-casting was employed where the user wields a virtual light ray for selecting
objects; and users also received visual feedback in the gaze condition. Contrary to
Tanriverdi and Jacob’s study, they found that gaze-based pointing was actually slower
than hand-based in the “distant object” condition. They attribute this contradiction to
their use of ray-casting for both hand- and gaze-based selection.

2.3 Eye-Based Selection in the Real World
Selker, Lockerd and Martinez presented Eye-R [40], a glasses-mounted device which
stores and communicates information based both on eye movement and external infrared
devices in the environment.

Facing out into the environment are an infrared (IR)

receiver, and a transmitter which broadcasts a unique IR code for identification. The
receiver allows the system to determine when the wearer’s head is oriented towards
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another active user or device in the environment. Facing inwards, towards the wearer’s
eye, are a phototransistor and an infrared LED. When the phototransistor detects a
constant amount of infrared light reflected in the user’s eye, it infers that the user is
fixating on an IR source in the environment. The system therefore infers eye contact
when (1) there is a fixation on an IR source; and (2) the user’s head is oriented towards
another user. The disadvantage of this approach is that it does not track where the user is
actually looking. Therefore, if the user’s head was oriented towards Person A, but they
were actually fixating on Person B nearby; the system would incorrectly infer that the
user was making eye contact with Person A.
OverHear [49] was developed by Smith et al., and is a system which augments user
attention in remote group settings via computer-mediated hearing. On the listener’s end
there is a monitor with a built-in eye tracker, displaying a video stream of the remote
social environment. In the actual social space there are a video camera and shotgun
microphone mounted on a robotic swiveling base. When the listener looks at a person in
the scene, the microphone swivels until that speaker is targeted, and the listener can
thereby single out and listen to individual people in the remote environment.
The Visual Resonator (VR) [60] is a recent project designed to be a realisation of
the so-called “Cocktail Party Effect” first described by Cherry [19], and defined as “the
ability to focus one’s listening attention on a single talker among a cacophony of
conversations and background noise” [17]. The Visual Resonator is an auditory interface
that allows the user to hear sound only from the direction that he is facing; and in turn
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send his voice only in that direction. The device consists of a pair of headphones with a
microphone at chin-level, and an infrared transmitter and receiver mounted on top.
The VR is direction-sensitive because both the transmitter and receiver are always
oriented in the direction that the user is facing, thereby allowing for better understanding
of speech in background noise. Incoming signals are received by the IR receiver, and
then sent to the headphones where they are translated into sound. Outgoing speech sound
is recorded by the microphone, translated into an infrared signal, and then beamed into
the environment in the direction that the user is currently facing. Additionally, the
system allows two users who can see each other to have a private conversation, even
though they are not near enough to talk normally.
LookPoint [21] is a system that allows for hands-free switching of input devices
between multiple screens or computers. We used a multi-screen typing task to evaluate a
basic version of the system; comparing eye input with multiple keyboards, hotkeys, and
mouse. We defined our dependent variable switch time as the time from the instant that
the participant was cued to select a screen, to the instant that the participant selected the
correct screen using one of the four selection modalities. Our results showed that eye
input was 111% faster than using the mouse, 75% faster than using function keys, and
37% faster than using multiple keyboards. Participants also completed a questionnaire
after trials were completed, and results showed that users preferred eye input in terms of
ease of learning, speed, accuracy, and overall preference.
We believe that researchers at the Human Media Lab have thoroughly explored the
use of eye-based selection in several different realms and with several types of eye
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trackers. First, it was shown that eye selection performed better and was preferred
overall when selecting from multiple windows on a single screen using a Tobii eye
tracker (EyeWindows [22]). Then, in LookPoint [21] an LC Technologies eye tracker
was used to show that our hypothesis also held true across multiple screens or systems,
with eye input outperforming multiple keyboards, hotkeys, and mouse. In this project,
we are attempting to take this theory one step further by using a different type of eye
tracker, and a completely different setting -- the auditory environment.
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Chapter 3
Hearing Impairment
The most recent MarkeTrak survey [27] estimated that there are 31.5 million Americans
with some form of hearing impairment, equaling about eight percent of the total
population.

Figure 3.1 shows the size of the hearing-impaired population, with

projections up to the year 2050; based on the four existing MarkeTrak surveys (1989,
1994, 2000, 2004) applied to the United States Bureau of Census projections for
population by age group. Financially speaking, untreated hearing impairments cost the
U.S. economy roughly $56 billion dollars annually, by way of medical care, lost
productivity and special education and training [33].
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Figure 3.1: Hearing loss population (1989-2004) in millions, with projections. [27]

Research has definitively shown that the use of hearing instruments dramatically
improves the quality of life for hearing-impaired individuals. Kochkin and Rogin [28]
published an executive report on what is possibly the largest ever study examining the
effects of untreated hearing impairment on hearing-impaired individuals and their
families.

After surveying more than two thousand hearing-impaired persons and

interviewing family members, they found that hearing instrument users were on average
more socially active, more emotionally stable, and both physically and emotionally
healthier than non-users with hearing loss.
A particularly disturbing reality that definitely warrants further research is that
only one in five people who could benefit from a hearing aid actually wears one. The
MarkeTrak VII [27] survey found that there are approximately 24.1 million hearingimpaired individuals who do not own any form of assistive hearing device (see Figure
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3.2). In addition, this report defines “active” users rather loosely as “hearing-impaired
individuals who use a hearing instrument at least once a year”; and therefore, the number
of users who use hearing instruments on a regular basis is probably significantly less than
the data shows.

Figure 3.2: The number of active users and non-owners of hearing
instruments in the hearing-impaired population from 1989 to 2004. [27]

In order to attempt to successfully design a new type of assistive technology, it is
vital to first gain an understanding of the physiology of the hearing system, and the
various ways in which hearing loss occurs. This chapter first discusses the human
auditory system, and continues with the common types of hearing loss and their
respective causes. We then discuss the types of assistive technologies that are currently
available on the market, with a focus on hearing aids in particular. We conclude by
mentioning some of the major issues associated with hearing aid usage, hoping to shed
some light on why so few hearing-impaired people use these devices, and possible ways
in which usage could be increased.
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3.1 Biological Basis of Hearing
The human auditory system is highly complex, consisting of three major divisions (see
Figure 3.3): the external outer ear channels the sound into the ear canal, the air-filled
middle ear then amplifies the sound, and the fluid-filled inner ear transforms the
vibrations into nerve impulses which are then relayed to the brain for interpretation [5].

Figure 3.3: The human auditory system. [7]

3.1.1 The Outer Ear
In humans, the outer ear consists of three main structures. The auricle is the portion of the
ear visible on the outside of the head, and serves to funnel sound into the ear canal. The
folds and creases are unique to each individual, and cause certain frequencies to be
amplified. The sound is channeled into the auditory canal, a tube that is about 26 mm
long and 7 mm in diameter. The dimensions of this tube can vary between individuals,
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an important fact to note when fitting assistive hearing devices such as In-the-Canal
(ITC) hearing aids. The net effect of the auricle and ear canal is to channel and amplify
sound, particularly sounds in the frequency range of human speech.
The third structure comprising the outer ear is the tympanic membrane,
commonly known as the ear drum. This semi-transparent membrane is shaped like a
flattened cone, and stretches across the ear canal. When sound waves reach the ear drum,
the thin membrane vibrates proportionally to the force of the sound waves impacting it.
Sound waves that have a high frequency cause the membrane to vibrate more quickly,
resulting in higher pitched sounds; and low frequency sound waves have the opposite
effect.

3.1.2 The Middle Ear
The middle ear is a narrow air-filled cavity with a chain of three tiny bone structures
which amplify sound and link the tympanic membrane to the inner ear (see Figure 3.4).
The vibrations of the ear drum first contact the club-shaped malleus (or hammer); then
the incus (or anvil), and finally the stapes (or stirrup). Instead of being fixed in position,
the entire chain of bones is suspended by ligaments to allow for unimpeded vibration.
The inner wall of the middle ear cavity is perforated with two small openings, the
oval window above, and the round window below. The base of the stapes fits perfectly
into the oval window, and it is by this mechanism that the sound vibrations are
transmitted into the inner ear. Below the oval window is the round window, which is
slightly smaller and covered by a thin membrane. This membrane moves oppositely to
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the oval window, and serves to maintain equal pressure between the middle ear and the
inner ear.

Figure 3.4: The middle ear. [1]

3.1.3 The Inner Ear
The inner ear is where the mechanical sound waves are transformed into electrical nerve
pulses. The main structure for hearing purposes is the cochlea (see Figure 3.5), a coiled
fluid-filled structure that measures approximately 30 mm in length when uncoiled. The
vibrations of the base of the stapes on the oval window cause waves in the cochlear fluid,
stimulating minute hair cells on the organ of Corti to send electrical nerve impulses to the
primary auditory cortex in the temporal lobe of the brain, via the vestibulocochlear nerve.
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Figure 3.5: Mechanism of hearing. [6]

3.2 Types and Causes of Hearing Impairment
The term “hearing impairment” encompasses a wide range of sub-types and causes.
Since treatment options depend on the type of hearing impairment that the patient is
experiencing, we will briefly discuss the three main categories of hearing loss:


Conductive – caused by malfunction of the outer ear (auricle, ear canal, or
tympanic membrane), or middle ear (malleus, incus, or stapes).



Sensory – caused by malfunction of the cochlea, typically when the tiny hair cells
are damaged



Neural – caused by malfunction of the auditory nerve, or a part of the brain
responsible for auditory processing.
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There are a multitude of reasons why an individual may experience hearing impairment,
and often there is more than one contributing factor. In general, conductive hearing loss
tends to be caused by middle ear infections, head trauma, defects at birth, or conditions
such as otosclerosis (degeneration of the middle ear bones). Conductive hearing loss is
generally the mildest of the three categories, and is the most treatable. Sensory hearing
impairment is usually due to aging, exposure to excessively loud noises, genetics, head
trauma, or certain medications. In this case, sounds tend to be muffled and garbled, as
well as quieter. Individuals suffering from neural hearing loss often find it difficult to
separate speech sounds; and as a result it can be quite difficult for them to carry on
normal conversations.

3.3 Types of Hearing Aids
A hearing aid is defined as “a compact electronic amplifier worn to improve one's
hearing, usually placed in or behind the ear” [8]. Hearing aids work by amplifying (and
sometimes altering) sounds in the environment in order to compensate for the
malfunctioning anatomy in the ear itself. Although there are several different styles,
most hearing aids on the market have the same four basic components [10]:


A microphone that receives sounds in the environment and converts the sound
into an electrical signal;



An amplifier that makes the signal louder;



A speaker that outputs the amplified signal into the ear;



A small battery that powers the electrical parts of the hearing aid.
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In terms of hearing aid styles, there are four major categories (see Figure 3.6), each with
its own merits and disadvantages. Progressing from largest to smallest, the four main
types are:


Behind-the-Ear (BTE) hearing aids consist of a plastic case worn behind the ear
lobe, with a tube that goes into the ear canal. Their larger size makes them more
durable and easier to handle, and they are compatible with the majority of the
hearing aid accessories on the market. This is often the most practical choice for
infants and children whose ear canals may still be developing.

The main

disadvantage of this type of hearing aid is its high level of visibility.


In-the-Ear (ITE) hearing aids are worn in the outer ear, so although they are
smaller than BTE hearing aids, they are still relatively visible. They can usually
be used with other assistive listening accessories.



In-the-Canal (ITC) hearing aids are slightly smaller and only barely visible as
they sit in the bottom half of the outer ear. However due to their size, they are
incompatible with some assistive hearing accessories on the market.



Completely-in-the-Canal (CIC) hearing aids are practically invisible, but their
small size makes them difficult to handle. They are also susceptible to damage by
earwax buildup, and are not compatible with most accessories.
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Figure 3.6. The four main types of hearing aids. [12]

3.4 Issues with Hearing Aid Usage
The fact that only about 20 percent of potential adult hearing aid candidates actually use
hearing aids is very disturbing and warrants further investigation. This section presents a
discussion of some of the reasons why so few hearing aid candidates choose to take
advantage of this assistive technology. Dr. Mark Ross is an expert in the field and has
himself worn hearing aids for 50 years. He believes that the single biggest challenge is
the fact that people tend to minimise or completely deny that they are having a hearing
problem at all [38]. Trying to persuade a hearing-impaired individual to accept a hearing
aid is no easy feat when they completely deny the existence of the problem. Many
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reasons for this denial have been proposed; including association with aging and
disability, reluctance to deal with the challenge of the device, uncertainties about
cosmetic appearance, and concerns about the high price and maintenance costs of the
technology [38].
Once the individual has come to terms with the fact that a hearing aid will likely
benefit their quality of life, there are a number of other issues that are encountered. Most
new hearing aid users report that the major issue is simply getting used to wearing the
hearing aid, and becoming familiar with the device.

Hearing aids are often

uncomfortable at first, and most people will go through a phase where they experience
discomfort simply due to the presence of the foreign object in their ear canal. Another
common problem is known as the “occlusion effect” in which the user’s own voice
sounds uncomfortably loud or hollow [37]. For some people, this is so severe that the
benefits of the hearing aids are overshadowed, and many users reject hearing aids for this
reason.

3.4.1 Fatigue and Annoyance
Hearing aids essentially pipe amplified sound directly into the user’s ear canal, an
experience which can be very tiring and exasperating at times.

Audiologists use

measures such as Most Comfortable Loudness Level (MCLL) in order to determine the
correct hearing aid settings for each patient [35], but hearing aids often cause annoyance
and fatigue even when the settings are “ideal”.
According to Dr. Donald J. Schum [39], the field of audiology views the fitting
and fine-tuning of hearing aid as purely psychoacoustic; that is, how to best amplify the
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sounds in the environment to suit the patient’s limited range of hearing. The general
consensus is that once the amplified sound is at a somewhat comfortable level, it will be
acceptable to the listener. However there are many other factors which influence the
listener’s reaction to incoming sound, and Schum therefore believes that hearing aid
tuning should focus more on the listener’s overall experience. The ideal solution would
be a hearing aid comprising an advanced, highly-intelligent signal processor that is
capable of differentiating between important input and unnecessary input, but we are
unfortunately a long way from achieving this goal.

3.4.2 Background Noise
The inherent problem of standard hearing aids is that they amplify everything in the
environment, both useful sounds (voices, televisions, radios) and irrelevant noise
(background chatter, squeaking chairs, air conditioners etc.). The average hearing aid
does not separate the sounds that the user wants to hear from the unwanted sounds in the
environment. One new hearing aid user [9] remarked “When I got the hearing aids, I was
really surprised about how everything sounded. I expected it to be just like it used to be,
only louder and clearer. However, I felt rather bombarded with sharp noises. I was
hyper-aware of paper being crinkled, doors slamming, and how loud everything in my car
was.”
This problem arises because hearing loss tends to be gradual, and as a result
people slowly adjust to the lower levels of sound that they experience. In addition,
people tend to have very high expectations when they are first fitted with hearing aids,
are often disappointed when they realise that it takes time to get used to having quasi-
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Often, it can take several months before new users become

accustomed to their hearing aids and can wear them for the entire day. Recent studies
[51] have shown that the auditory cortex in humans is extremely plastic, and the gradual
degeneration of cochlear hair cells can cause neurons in the cortex to become more
sensitive in order to compensate. Then when the hearing aid is first fitted, everything
sounds drastically louder and it takes some time for the neurons to readjust to the
functioning anatomy of the ear itself.
Many hearing aid users tend to avoid restaurants, parties, and other group settings;
because it becomes difficult for them to carry on conversations with all the incessant
background noise around them. Researchers speculate that this avoidance behaviour has
negative long-term effects, as many hearing aid users tend to became more antisocial and
less likely to seek out social environments.
Several user satisfaction surveys have shown that background noise is a major
complaint from hearing aid users [61], and is a common reason for hearing aid rejection.
There are a number of ways in which this problem can be reduced, but a method of
eliminating the problem completely has yet to be discovered. Many hearing-impaired
individuals simply automatically seek out the quietest spot in the room, which may
eventually lead to negative withdrawal and avoidance behaviours. Other choices that we
will discuss include personal frequency modulation (FM) systems, hearing aids equipped
with digital noise reduction (DNR), and directional hearing aids.
One recent study sought to determine if acceptance of background noise is a
predictor of hearing aid usage [32]. The researchers had participants determine their
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Most Comfortable Listening Level for an audio clip of a story. Then they added speech
babble in the background, and asked the participants to select the maximum background
noise level that they could tolerate whilst still following the story.

The difference

between these two measures (in decibels) is known as the Acceptable Noise Level, or
ANL.

Their results showed that individuals who could tolerate higher levels of

background noise were more successful hearing aid users than those who could only
tolerate low levels of background noise. Studies such as this illustrate the importance of
trying to find a solution to reduce or eliminate background noise, as decreasing the
prevalence of this issue would hopefully result in a higher number of successful hearing
aid users.
The negative effect of background noise on attention has been much discussed in
the literature.

Smith [46] presents a thorough review of the topic; discussing the

detrimental effect on monitoring tasks (participant must detect an infrequent event),
cognitive vigilance tasks (participant must detect a certain sequence in a pattern), focused
attention tasks, recognition, reaction time, and verbal memory.

The presence of

background noise also results in both physiological and psychological changes. Noisy
environments have been shown to affect blood pressure, heart rate, skin temperature, and
hormone release; as well as psychological effects such as annoyance, fatigue, and anxiety
[30].

The increased mental effort required to concentrate on filtering out useless

information is also linked to enhanced secretion of stress hormones such as cortisol [30].
A recent study by Trimmel and Poelzl [54] sought to investigate the impact of
background noise on reaction time and spatial attention, measured by changes in brain
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activity. Participants were seated in front of a computer screen and presented with a
visual-spatial attention task, with and without environmental noise. The background
noise consisted of a mixture of irrelevant speech, traffic noise, and barking dogs; and was
presented at 60dB. Direct-coupled electroencephalogram (EEG) measures were taken at
several recording sites on the skull. Results showed that participants had a significantly
longer reaction time in the background noise condition compared to the noise-free
condition; indicating impaired cognitive performance. The EEG results also showed
more positive potential changes in the background noise condition, indicating higher
mental load and inefficient usage of mental resources. These factors also often result in
feelings of fatigue and frustration.
Morrison and Casali [31] investigated the effect of background noise on voice
intelligibility in real-world setting: a truck cab. They performed an experiment using
both normal-hearing and hearing-impaired participants, with four different noise levels
(0, 5, 10, and 15 dB), and four different noise conditions (silence, background speech,
truck noise, and pink noise2). Results showed that, as expected, hearing-impaired people
had lower intelligibility in all four conditions.

In general, it was found that the

background speech condition was significantly worse than both the truck noise and pink
noise conditions. Studies such as this indicate that background speech seems to be the
most difficult type of noise to filter out.

2

Occurs widely in nature and has a power spectrum density proportional to 1/f [14].
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3.5 Reduction of Background Noise
Currently, there are three main methods of improving the signal-to-noise ratio in loud
environments. Personal FM systems and directional hearing aids are location-based;
whereas digital noise reduction hearing aids are frequency-based. Each technique has
distinct advantages and disadvantages which will be discussed in this section.

3.5.1 Personal FM Systems
Personal FM systems consist of a portable microphone that is worn by or placed near the
speaker, and a receiver worn by the hearing-impaired individual [24]. The microphone
broadcasts an FM signal on a special frequency designated by the Federal
Communications Commission. The FM receiver can either connect to the hearing aid via
an induction loop (discussed in Section 4.3.1), or can be used with a headset if the user
prefers. These systems are very useful in settings where there is just one sound source;
for example classrooms, churches, and cinemas. They are advantageous in that they
allow the targeting of specific sound sources in the environment; however, the sources
have to be known beforehand so the microphone can be placed in close proximity. There
may also be issues with multiple FM systems in the same location, as there may be
interference between signals. Privacy is also a concern, as anyone with a receiver can
eavesdrop on the transmitted signal.
One popular personal FM system is the Conversor [3] which consists of a portable
microphone/transmitter which can either be handheld or placed on any surface, and a
receiver which the user wears around their neck. The sound is then transmitted from the
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receiver to the user’s hearing aid via an induction loop. One advantage of this system is
that the microphone can either be omni-directional, or set to “zoom” which selects the
directional microphone and allows the user to aim at a specific sound source in the
environment.

3.5.2 Directional Hearing Aids
Directional hearing aids function by comparing the input from microphones at two (or
more) different locations on the hearing aids. Delay and subtraction occur electronically
so that sounds in front of the user are emphasised and sounds from the sides or rear of the
user are reduced.

Directional hearing aids therefore work on the assumption that

desirable sounds will be in front of the user, since people tend to orient themselves in the
direction of the desired sound source. Research has shown that speech understanding in a
noisy environment can be significantly improved with directional hearing aids [55];
especially if the desired sound is in front of the user, and the background noise mostly in
the rear. However, in a more realistic situation where the noise and signal are diffuse in
the environment, it has been shown that directional microphones are no better than
conventional hearing aids [36].
In 2006, researchers at Delft University of Technology in the Netherlands
unveiled a pair of “hearing-glasses” called Varibel [16]. The glasses have a total of eight
microphones integrated into the arms (Figure 3.7), which amplify sounds from in front of
the user. Users therefore are able to hear more clearly in the direction which they are
facing, and background noise is reduced.
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Figure 3.7: Varibel hearing-glasses. [16]

3.5.3 Digital Noise Reduction Hearing Aids
In comparison to Personal FM systems and directional hearing aids which use spatial
location to reduce background noise, digital noise reduction hearing aids take advantage
of the frequency of speech. Human speech has a frequency range of approximately 200
to 8000 Hz, and the range for common sounds is even narrower – telephones actually
operate in the narrow range of 300 to 3000 Hz. Hearing aids equipped with digital noise
reduction (DNR) work by reducing sounds that fall outside of the frequency range of
speech.
There are two cases when this system breaks down: (1) when the noise falls in the
same frequency range as speech; and (2) when the noise itself is unwanted speech [36].
Since background speech is the most difficult type of noise for humans to filter out [31],
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the latter is a very serious issue. Further development is also required as many patients
complain that they are particularly affected by loud noises when wearing DNR hearing
aids [34].

3.6 Assistive Listening Devices
Assistive Listening Devices (ALDs) are usually used in conjunction with hearing aids to
further improve day-to-day communication for hearing-impaired individuals.

For

example, infrared systems are often used in the home-setting to broadcast audio from the
TV to a hearing aid or headset. These systems are popular because they allow for the TV
volume to be set at a level that is comfortable for other family members, whilst at the
same time allowing the hearing-impaired person to hear clearly.
Induction loop systems are common in group settings such as churches, lecture
halls, and meeting rooms. They require the installation of a loop wire around the user or
room, which connects to a microphone worn by the speaker. Hearing aids equipped with
a telecoil setting can pick up sound by decoding the electromagnetic signal, and each
person can adjust the volume in their individual hearing aids for ideal listening. We
envision our Attentive Hearing Aid being used with induction loop systems in the future,
when the technology becomes more readily available and less expensive. Induction loop
systems are further discussed in Section 4.3.1. Many other types of Assistive Listening
Devices are available on the market, including telephone devices, watches, alarms,
paging systems, and answering machines. These devices may be either be amplified; or
may flash and vibrate to attract the user’s attention using non-auditory channels.
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Chapter 4
The Attentive Hearing Aid
The Attentive Hearing Aid system consists of two major hardware components, and
corresponding software. The hearing-impaired user determines what sound sources (s)he
wishes to listen to, and modifies them with small infrared tags for identification. For
devices (televisions, radios), the tag can simply be affixed with Velcro or tape. Tagged
people require the addition of a small lapel microphone, to which the IR tag is affixed.
The hearing-impaired user wears a small camera that records a real-time video stream of
their cornea, which is analysed by the software to determine when the user is making eye
contact with one of the tags.
The camera is based on the ViewPointer system developed by Smith, Vertegaal and
Sohn [48, 50]. ViewPointer is a wearable calibration-free eye contact sensor that detects
when the user is looking at small IR tags in the environment. The authors use the term
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“deixis” in describing how the system operates, by specifying the referent (the desired
object in the environment) instead of spatial coordinates.

This description works

extremely well for our purposes: visual selection of auditory sources in the environment.
This chapter presents an overview of the Attentive Hearing Aid system, as well as
discussing how we adapted the ViewPointer technology for use with hearing-impaired
individuals.

4.1 Calibration-Free Eye Tracking
The advantage of ViewPointer lies in the fact that it is a completely calibration-free eye
tracker. Most commercial eye trackers require each individual user to calibrate the
system, a process that can be lengthy and time-consuming. For example, both the LC
Technologies Rev II Eyegaze [11], and the Tobii Technology 1750 [15] require a
calibration procedure for each user, where the user looks at a series of (between nine and
fifteen) calibration points that are sequentially displayed at different locations on the
screen.

Traditional eye trackers also require the user to remain relatively still, for

example, the Tobii restricts the user’s head to a 30 x 15 x 20 cm window that is 60 cm
from the eye tracker [15]. In addition, ViewPointer can be produced for a fraction of the
cost of the aforementioned commercial eye tracking systems.
ViewPointer requires no calibration, because unlike typical eye trackers, it does
not correlate eye movements to the coordinates in the scene; and instead solely detects
active IR light sources in the environment. We therefore use the eyes to indicate deixis
towards a tagged object in the environment; which in our case is a sound source. We
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know when the user is looking at one of these IR tags because the reflection of the tag on
the cornea is located in the centre of the pupil (see Figure 4.1). This detection process is
therefore much simpler than traditional eye trackers, as there is no coordinate system.
Pupil finding is thus facilitated because the camera is mounted close to the eye itself. As
a result, the computer vision algorithm used by ViewPointer is very robust across users.
The only requirements are: (1) the camera must be about 3 cm from the eye, (2) there
must be a clear line-of-sight to the pupil, and (3) the camera must be within 45 degrees of
the pupil.

Figure 4.1: A frame from the camera showing the reflection of three IR tags in the user’s
pupil. The user is currently looking at the tag in the middle.

4.2 Implementation
This section discusses the Attentive Hearing Aid implementation for a real-world
environment. Later on, we discuss the simplified version that we used for the purposes of
evaluating our system in a laboratory setting.
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4.2.1 Hardware
The camera we chose was an inexpensive USB video camera taken from an A4 PK-835
webcam. The camera was mounted on a light flexible headpiece that encircles the user’s
head, resting lightly on their ears (see Figure 4.2).

Figure 4.2: User wearing the camera headpiece.

The frame rate of the camera was 30 frames per second, and the resolution was 320 x 240
pixels. The camera was fitted with an infrared filter, and an infrared LED was mounted
next to the camera to illuminate the user’s eye area appropriately (see Figure 4.3).
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Figure 4.3: Close-up view of camera and infrared LED.

In our current prototype, the ViewPointer camera connects via USB to a
lightweight Sony U70 portable computer which performs the computer vision processing
and provides power for both the camera and the infrared LED on the headset. The U70
weighs just 0.5 kg and measures 16.7 x 10.8 x 2.6 cm, and can therefore be easily carried
in the user’s pocket or purse. In future iterations of this project we hope to reduce the
size of the portable computer, perhaps using a small PDA or even a firmware processor
instead.
In addition, the system requires an audio interface device which is responsible for
increasing the volume of the desired sound source. For devices in the environment, the
sound is output directly to an audio interface device. Tagged people in the environment
simply wear a wireless lapel microphone, and the microphone’s receiver is also
connected to the audio interface device.
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4.2.2 Software
In a real-world setting, we envision the Attentive Hearing Aid being used with software
very similar to what we used in the evaluation. The wearable computer analyses the
image received from the video camera, and identifies which tag the user is currently
looking at. After the tag has been identified, the tag number is output over telnet. The
software receives the telnet from the portable computer and maps the tag number to the
corresponding device or person. The volume of that sound source is then increased
relative to the environmental noise, via the audio interface device.

4.2.3 Tags
The Attentive Hearing Aid system employs infrared (IR) tags that flash different binary
patterns. These codes allow for differentiation between tags, and therefore between
tagged objects and people in the environment. As shown in Figure 4.4, the infrared tags
are very small (2 cm in diameter) and are completely wireless. To achieve the required
brightness, each tag has two infrared LEDs which flash together in a specific pattern that
is hard-coded onto the chip on the tag itself. The tags are currently powered by two 3V
button batteries, which means that they do have a limited battery life of about 6 hours.
The small size and wireless nature of these tags allows practically anything in the
environment to be tagged; be it object or person.
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Figure 4.4: A wireless infrared tag compared to a quarter.

4.2.4 System Overview
Figure 4.5 shows a visual overview of how the Attentive Hearing Aid system would work
in a real-world environment.
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There are two issues that we took into consideration during the design phase of
this project. Firstly, if the user can only hear the sound coming from the device or person
that they are currently looking at, how does another person go about getting the user’s
attention? Or more importantly, how does the user hear other critical sounds in their
environment such as sirens or car horns? Our solution to this issue is that we never
completely eliminate all background noise. Instead, the sound that the user hears is
comprised mostly of what they are currently looking at, but there is still some amount of
normal environmental noise received by the microphone in their hearing aid. This allows
the user to still be aware of important sounds in their environment, as well as allowing
others to get their attention auditorily.
Another issue which we considered is the idea that people may want to listen to a
sound source without having to continuously look at it, for example listening to a stereo
system. On the contrary, if a user quickly glances at a sound source that attracts their
attention, they may not necessarily wish it to be amplified (the Midas Touch Effect [25]).
Our solution is to have a single physical button whereby the user looks at the sound
source, and then presses the button to “lock” onto that sound; thereby eliminating the
Midas Touch Effect. This feature would, for example, allow users to listen to music or
the television in the background; whilst doing some other activity. The lock button could
be a tiny addition to the hearing aid itself, or could be a button on the PDA or portable
computer.
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4.3 Tagging Sound Sources in the Environment
This section presents an overview of how we envision the Attentive Hearing Aid being
applied, specifically how it is possible to easily tag both people and devices in the
environment.

4.3.1 Induction Loop Systems
The Attentive Hearing Aid system takes advantage of audio frequency induction loops,
commonly used in meeting halls, churches, and schools. Induction loops transmit sound
to a user’s telecoil-equipped hearing aids via a loop of insulated wire that encircles the
person. In larger settings, the loop of wire is usually permanently installed around the
entire perimeter of the room; but in home settings the loop can simply be placed around a
room, or even around a favourite chair. Portable versions are also available where the
user simply wears the loop wire around their neck.
The audio signal from the device or microphone enters an amplifier which outputs
a strong alternating current into the wire. The telecoil in the user’s hearing aid detects the
magnetic field produced by the induction wire, and converts the magnetic impulses first
into alternating current, and then into actual sound.

The signal received from the

induction loop system is pure and not affected by background noise, or the distance from
the sound source. These systems are very useful as people can simply use their own
hearing aids (instead of a separate headset) and simply have to change the hearing aid
from the microphone setting to the telecoil setting.
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4.3.2 Tagging Devices and People
For devices in the environment, a lightweight IR tag can simply be affixed to the object
with Velcro or adhesive tape. When the user looks at the tagged device, the audio from
the device is routed to the user’s hearing aid via the induction loop amplification system.
Devices that might be tagged include televisions, stereos, speaker telephones, radios, and
electronic musical keyboards. Indeed anything in the environment that produces sound
can be easily and inexpensively tagged and made amplifiable. Perhaps in the future,
infrared tags could be embedded directly into sound-producing devices during
manufacturing.
Tagging people is almost as simple, and just requires the addition of one more
component. We can attach a lightweight lapel microphone to the wireless IR tag, which
simply clips on to the user’s clothing. The signal from the microphone is transmitted to
its radio frequency transmitter unit (usually worn on the belt), which then wirelessly
broadcasts the signal.

The microphone’s receiver is connected directly to an audio

interface device, and simply picks up the broadcasted microphone signal and inputs it to
the audio interface device. Multi-channel microphones and receivers would be required,
with each tagged person having their own individual channel. It would also be easy to
have a tiny microphone built in to the IR tags themselves.

4.4 Application Scenarios
This section presents two different scenarios in which we believe the Attentive Hearing
Aid system could prove invaluable.
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4.4.1 Scenario 1: AHA in the Home Environment
John is in his late 60s and recently retired from his career as an electrician. He worked
on construction sites all his life, and has been diagnosed with presbycusis (age-related
hearing loss); probably catalysed by his work in loud environments for so many decades.
John spends most of his time relaxing and reading in his favourite chair in the TV room.
He was prescribed Behind-the-Ear hearing aids eight months ago, but often elects not to
wear them as he gets frustrated with all the background noise that gets amplified. His
family and friends are worried that he is becoming increasingly withdrawn, as he would
rather sit and read in quiet than deal with the issues of wearing his hearing aids.
Now that John has started using the Attentive Hearing Aid system, his family has
seen a tremendous positive change in his behaviour. He decided to tag his television, his
stereo, and his wife Mary; as these are the sound sources that he listens to most. He also
keeps several other tagged lapel microphones for friends and relatives to use when they
visit. John simply wears a Behind-the-Ear hearing aid with the camera boom attached,
and uses an induction loop system to receive sound. The computer identifies which tag
John is currently looking at, and routes the audio from that source directly into his
hearing aid. John also particularly enjoys the “lock” feature of the Attentive Hearing Aid
system; as he can listen to music from his stereo whilst doing his favourite crossword
puzzles. John’s background noise problems are therefore greatly reduced and John can
now enjoy chatting with his wife, watching television and movies, and listening to the
radio; all without the annoyance of background noise.
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4.4.2 Scenario 2: AHA in a Social Environment
Jannie is 28 years old, and was involved in a motor vehicle accident two years ago, which
resulted in two ruptured eardrums. Since then, she has suffered from moderate hearing
loss and sometimes wears hearing aids. Jannie has always enjoyed an active social life,
and often hosts dinners and cocktail parties for her friends. Although she can hear
reasonably well in a controlled environment, she finds it difficult to focus on one
conversation when there are many other people chatting nearby. She tried using hearing
aids with digital noise reduction, but found them useless because in her case, the
background noise is mostly speech.
Since Jannie started using the Attentive Hearing Aid system, she has been much
more comfortable in social environments such as group meals and parties. She simply
gives each of her guests a lapel microphone with an attached IR tag that uniquely
identifies them. When Jannie looks at a guest, the audio from their microphone is
transmitted directly to her hearing aids. This makes Jannie’s life much easier, as she can
now easily carry on one-on-one conversations with her friends.

4.5 AHA vs. Other Noise Reduction Systems
Table 4.1 compares the Attentive Hearing Aid system to personal FM systems, digital
noise reduction (DNR) hearing aids, and directional hearing aids.
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Table 4.1: Comparison of the Attentive Hearing Aid to three other
noise reduction systems.

Spatial or Frequencybased?
Requires preknowledge of sound
sources?
No interference from
other systems?
Requires listener to
wear additional
hardware?
Requires speaker to
wear additional
hardware?
Reduces background
speech?
Deals with multiple
sound sources?
User can listen without
looking?
Allows for targeting of
specific sound sources?

3

Attentive
Hearing Aid

Personal
FM System

DNR
Hearing Aid

Directional
Hearing Aid

Spatial

Spatial

Frequency

Spatial

Yes

Yes

No

No

Yes

No

Yes

Yes

Yes

Yes

No

No

Yes

Yes

No

No

Yes

Yes

No

Yes

Yes

No

Yes

Yes

Yes3

Yes

Yes

No

Yes

No

No

No

Assuming the “lock” button discussed in Section 4.2.4 is implemented.
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Chapter 5
User Study
We designed an empirical study for the purpose of evaluating the Attentive Hearing Aid
as a method of visually selecting auditory sources in the environment. This chapter
discusses the evaluation itself, as well as the results that we obtained. Our evaluation
consisted of hearing-impaired participants selecting targets on a screen in four conditions:
Eye input, Pointing, Buttons, and a Control condition with no selection. In brief, the
participants’ task was to follow a story told by three actors on the screen. Every ten
seconds, a switch occurred, and participants were required to select the new target. We
measured the time taken for the participant to select the new target (switch time) as well
as participants’ recall of the material in the story.
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5.1 Apparatus and Materials
The following section describes the hardware and software used in the evaluation; as well
as the audiovisual stimuli that we created to test participants’ recall.

5.1.1 Recall Passages
We created nine passages on topics such as environmental issues, strange animals,
islands, and famous women in history. The passages contained an average of 231 words,
and were carefully structured so that each story contained seven target items for recall
testing at the end of each trial. We used seven of the nine passages as “foreground”
stories in our actual experimentation, and the other two stories were used to simulate
background conversation and noise.
For each of our seven foreground passages, we created a seven-item multiplechoice questionnaire in order to test the participant’s recall of the material presented in
that particular trial. To ensure no bias between trials, each questionnaire consisted of five
questions in which the answers were numbers (e.g. “What year was Emily Carr born in?”
Answer: 1871), and two questions with word or phrase answers (e.g. “In which month
was Helen Keller born?” Answer: June).

Examples of a foreground story and

corresponding recall questionnaire are included in the Appendix of this thesis.

5.1.2 Videos
We recorded digital footage of three male actors each reading the aforementioned nine
passages, for a total of 27 QuickTime video files. A large part of simulating a realistic
conversational environment is ensuring that the actors are making good eye contact with
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the participant. Therefore, instead of simply having the actors read from a sheet of paper;
we used a slideshow to present short phrases at the very top of a screen. We were
therefore able to have the actors effectively maintain eye contact with the video camera
for the entire duration of the recording. We used a timed slideshow, with each phrase
remaining on the screen for 1.5 seconds. This ensured that the timing and rhythm of the
stories was very similar between the three actors. We needed this timing to be extremely
accurate so that when we switched passages every ten seconds, the story would continue
seamlessly from one actor to the next.
Audio was recorded, in stereo sound, with a high-quality lapel microphone
clipped to the actor’s collar.

Figure 5.1 illustrates the setup for our audiovisual

prerecording, showing one phrase displayed on the screen.

Figure 5.1: Setup for video prerecording.
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We performed basic post-processing on the digital footage that we recorded. The
videos were trimmed at the beginning and the end, so that they began just as the actor
started speaking, and ended as soon as he finished. Since we had carefully controlled
both the length of the passages, and the timing of the actors’ speech; our final trimmed
videos were all very similar in duration, about 90 seconds in length. We also adjusted the
contrast and brightness slightly in order to make the actor stand out against the black
background. We normalised the videos to ensure that the volume of the audio was at the
same level across all 27 videos.

5.1.3 Audio Equipment
Before trials commenced, participants removed their hearing aids and were outfitted with
Shure E5c Sound Isolating in-ear headphones (see Figure 5.2).

These particular

earphones were chosen because they fit snugly into the ear canal itself (Figure 5.3), thus
virtually eliminating environmental noise. For hygiene reasons, we used disposable foam
sleeves which were replaced after every participant.
Since these earphones essentially block out all environmental noise, the
researcher spoke into a microphone when giving instructions between trials.

The

researcher also wore headphones so she could monitor the audio without disturbing the
participant.
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Figure 5.2: Shure E5c in-ear headphones.
[14] Inset: foam sleeves.
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Figure 5.3: Earphone in user’s ear. [14]

5.1.4 Screen and Tags
Our setup consisted of a 52” plasma screen displaying videos of three actors telling
stories. Below each window was a space where a red dot could appear, to indicate the
current target window. Below that was a space where the number 1, 2, or 3 appeared
during the training phase of the Buttons condition.
We affixed a total of five infrared tags to the screen.

Two tags with four

horizontal infrared LEDs each were centered about 3 cm apart on the upper frame of the
screen; and simply provided solid infrared light. These tags were only activated in the
Pointing condition to provide triangulation data for the Wii remote.
Three different tags were mounted on the screen itself, just below the actors’
faces; and were activated only in the Eyes condition. These tags measure 3 cm in
diameter and each consist of six infrared LEDs. The tags were connected to a computer
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via a Phidget [23] interface which controlled the binary pulsing code for each individual
tag, and also provided power. The tags operated at 15 Hz, and we chose the following
eight-bit codes for our three tags: 11111110, 11110000, and 10101010. Because we only
require three tags for this study, the user must only look at each tag for approximately 0.5
seconds (or 15 frames) before the software recognises and identifies the tag. Since
human fixations are between 0.1 and 1 second on average [56], our required fixation time
is very suitable.
In the evaluation, the participant sat in a straight-backed stationary chair that was
placed 1.65 m from the screen, a distance that was close enough for the AHA system yet
far enough for the triangulation computation for the Wii remote. The tags for the Eyes
condition were placed 45 cm apart on the screen itself, on the “lapel” of each actor. We
placed a strip of black cardboard over the toolbar at the top of the screen so participants
were not distracted, resulting in an entirely black background. Figure 5.4 shows the
layout of the screen and sizes of the displayed objects (in pixels), as well as the positions
of the infrared tags.
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Figure 5.4: Diagram showing the positioning and sizes (in pixels) of the objects
displayed on the screen. The five infrared LEDs are shown as black circles.

5.1.5 Remote
We adapted a Nintendo Wii [13] remote (fondly referred to as a “Wiimote”) for use in
our experiment. For the Pointing condition, we took advantage of the IR capabilities of
the Wiimote and switched the audio when the participant pointed at an activation box that
was transparently overlaid on the correct actor’s window. For the Buttons condition; we
relabeled the –, HOME, and + keys on the Wiimote and then used them to switch the
audio when the participant pressed the correct button (1, 2, or 3).
Liquid plastic was applied to the three buttons, approximately 2 mm thick on the
HOME button (because it was recessed) and approximately 1 mm thick on the – and +
buttons. This modification was made so all three buttons would be the same height, and
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would have the same “feel”. We also covered the A and B buttons on the bottom of the
remote to prevent participants from accidentally resetting the Bluetooth connection (by
pressing A and B concurrently). Figure 5.5 illustrates the labeling of the keys, as well as
the physical modifications made to the Wiimote.

Figure 5.5: Close-up of Wii remote showing modification and labeling of three buttons.

5.1.6 Software
Max/MSP/Jitter [4] is a graphical programming environment designed for use with many
types of multimedia. We chose to use this particular software for several reasons: (1) we
needed multiple videos running concurrently; (2) we needed precisely timed control over
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both audio and video in order to seamlessly switch between actors; and (3) we needed to
connect to both the Wiimote (via Bluetooth [2]), and the camera (via USB).
Figure 5.6 shows the GUI of the experimental interface that we created, as well as
the audio hijacking program used to control the volume, balance, and frequency ratio.
Section 1 of the experimental interface was where initialisations were made, including
designating a number for each participant. In Section 2 we presented the six frequency
tones, and allowed participants to customise the audio to their exact requirements.
Section 3 indicated the connection status of both the AHA camera and the Bluetooth
Wiimote. In this section, we were able to make sure that the buttons and IR triangulation
were working perfectly before live trials began, as well as being able to accurately
monitor the battery of the Wiimote.
Clicking the button in Section 4 resulted in a new randomly-generated trial, and
the horizontal array of “lights” enabled us to keep track of the participant’s trial progress.
Participants were required to complete at least one demo trial before every condition in
order to remove any learning effects, and it was in Section 5 that we selected whether we
wanted a demo trial or a live trial with data recording. The buttons in Section 6 cleared
the buffer and reset the software for the next participant. The output text file at the
bottom left of Figure 5.6 allowed us to monitor participants’ switch times in real time,
and it was this file that was later exported for statistical analysis.
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Figure 5.6: Screenshot of the experimental interface created for the evaluation. The
Max/MSP/Jitter control panel is at the top of the screen, the audio hijacking program at
the bottom right, and the output text file at the bottom left.

The experiment software ran in one of three different “modes”, with the mode randomly
selected for every switch. The procedure itself is detailed in Section 5.2; and the three
modes are outlined below:
(1) Same actor/different position – The same actor continues telling the story, but in a
different window position on the screen. In this case the red dot moves to the new
position.
(2) Different actor/same window – A different actor continues the story, but in the
same window position. In this case, the red dot stays in the same position, but
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flashes briefly to inform the participant that the current position is still the target
window.
(3) Different actor/different window – Both the actor and the window position
change. Again, the red dot moves to the new position in this case.
We did not allow for same actor/same window because we needed to force participants to
switch, in order to measure our main dependent variable: switch time. The software was
set up so the participant was only capable of selecting the correct target. We did keep
track of errors (pressing the wrong button, looking at the wrong actor, or pointing at the
wrong actor), but the errors did not affect the participant during the actual trial.
The videos were presented to the participants at one of two volume levels: 100%
volume for the current foreground video; and 10% volume for the other two videos, to
simulate background chatter.

5.1.7 Hardware
Our evaluation required three computers in order for the videos to run smoothly, and for
the audio and video to be perfectly synced. The setup and connections are illustrated in
Figure 5.7. Our hardware setup consisted of:


17” 2.16 GHz Core Duo Apple MacBook Pro running Windows XP Pro



17” 1.67 GHz Apple PowerBook G4 running Mac OS X



24” 2.16 GHz Apple iMac running Mac OS X

All three computers were networked through a local router, and each computer was
assigned a static IP address. The ViewPointer camera was connected to the MacBook
Pro which ran software written in C++ and OpenCV to analyse the video stream frame-
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by-frame. We were therefore able to identify, in real-time, which of the three tags the
user was currently looking at.
The encoded tag number was output to the PowerBook via the network connection.
The PowerBook ran a Max/MSP/Jitter patch with an embedded Java program which
parsed the input from the MacBook Pro. This patch then sent out a single integer to the
iMac indicating the target tag (1, 2, or 3). The iMac ran the Max/MSP/Jitter software that
controlled the audio and video switching based on which tag was identified as being in
focus. The iMac was also connected to the Wiimote via Bluetooth.
By using the PowerBook to process the raw camera output separately, we allowed
the iMac to make full use of its memory and processing resources; and ensured that the
videos ran seamlessly. The MacBook Pro ran the Phidget interface used to control and
provided power for the infrared tags.
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5.2 Task and Procedure
At the beginning of each session, the participant read and signed a Letter of Information
and Consent Form and filled out a questionnaire with details about their hearing
impairment.

Afterwards, the experimenter clearly explained the procedure to the

participant; and fitted the participant with sound-isolating earphones.
Since hearing impairment varies immensely between people, participants first
performed a short audio calibration task that we built into our Max/MSP/Jitter software.
We also took participants’ knowledge of their hearing loss into account, and found that
most of the time our volunteers were quite aware of the frequencies that they had
difficultly hearing. We customised each participant’s audio in terms of three variables:


Overall volume;



Balance between left and right ears;



Volume of six different frequency bands.

For the frequency calibration, we presented six successive pure tones with increasing
volume, and instructed the participants to give us a hand signal when they could just hear
the tone. We proceeded in this manner for all six frequency bands, and thus ended up
with a frequency perception that remained constant for that participant throughout the
session. We focused on relatively low frequencies tones (125, 250, 500, 1000, 2000, and
4000 Hz) because all the videos were recorded with adult male actors whose voices tend
to be lower in pitch. Participants also customized the balance between their left and right
ears, so they could clearly hear in stereo; as well as the overall volume of the audio in
their earphones.
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Once the briefing and calibration were complete, the experiment itself began.
Before each of the seven randomly-selected trials, the participant was allowed to practice
with that selection technique until they were comfortable. The software ran in demo
mode for the practice sessions and no data was written to the output file.
The participant’s task was to simply listen to a specific story told by the actors.
The actor currently telling the target story was indicated with the presence of a large red
dot below their particular window. Each trial began with the audio focused on one actor
(volume at 100%), indicated with a red dot below that actor’s window. The other two
actors also spoke simultaneously, but at a reduced volume (of 10%) to simulate
background chatter. The reason we allowed the participants to essentially listen to the
first ten seconds of the story for “free” was so they could easily identify the target story
for the current trial.
After a ten-second interval, two events occurred simultaneously: the target
randomly switched in one of the three ways described in Section 5.1.6; and the red dot
shifted to indicate which actor was now telling the target story. The participant then had
to select the new actor or position in order to again amplify the target story. This
switching procedure repeated every ten seconds for the entire duration of each trial.
After each trial, the participant was presented with a seven item multiple-choice
recall test on the material from the target story of that trial. Each of the seven recall tests
completed by each participant were graded afterwards, and the results used as the
measure for our recall dependent variable.
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5.3 Conditions
We tested our Attentive Hearing Aid prototype by comparing it with two manual
selection techniques, as well as a control condition. For each participant, we ran one trial
of the control condition (because we were only able to use the recall variable here, and
not the switch time variable); and two trials of each of the other three conditions. Each
participant completed the seven trials in random order to prevent bias due to ordering
effects.


Control

In this condition, participants were unable to select which actor they wanted amplified.
For consistency, the red dot still moved from window to window, but the volume of all
three actors remained at 100% for the entire duration of the trial.


Pointing

In this condition, participants used the Wiimote to point at the target actor. In a real-life
pointing scenario there would be no visual feedback, so we did not display any type of
cursor on the screen to indicate current pointing position. The participant knew when
they had successfully pointed at the target actor because the audio was instantly amplified
relative to the other voices.
The Pointing condition was spatial, or coordinate-based, and is analogous to a
directional hearing aid. If the wearer of a directional hearing aid is not oriented towards a
sound source, they hear nothing. Analogously, if the participant pointed the Wiimote into
an “empty” area, the audio was not amplified.
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Buttons

In this condition, participants used the buttons labeled 1, 2, and 3 on the Wii remote (see
Figure 5.5), to indicate which actor they were targeting. This condition was “special” in
that participants were required to memorise which button (1, 2, or 3) corresponded to
which actor before the live trial began. We designed the Buttons condition this way
because we did not want a spatial mapping between the number and the position of the
window on the screen. In a real-world environment, people are always moving around,
so we wanted participants to have a mental mapping between the numbers and the people
themselves.
We trained participants on this button-actor mapping for a full practice trial before
each live trial began. During the practice trial, the number was displayed on the screen
below the actor’s window (see Figure 5.8), and the participants were encouraged to
practice switching audio in order to memorise the mapping. Once the live trial began, no
numbers appeared on the screen and the participants were required to use the mapping
they had memorised previously. In order to negate learning effects between trials, the
two Buttons trials each had a different button-actor mapping which the participants were
required to memorise.
The Buttons condition was referent-based, as it was impossible to select
“nothing”.

There were three referents in the environment (the three actors), and

participants were only able to select one of those three referents.

CHAPTER 5. USER STUDY



65

Eyes

In this condition, the user simply had to look at the actor whose audio they wanted
amplified. The IR tags mounted on the screen registered when they were being looked at,
and the audio of the corresponding actor was instantly amplified. This condition was also
referent-based, as only the three specific sound sources could be selected.

Figure 5.8: Demo mode for the Buttons condition. The numbers are displayed during
training so the participant can memorise the actor-button mapping. The IR tags for the
Eyes condition are also visible to the right of the actors.

5.4 Participants and Experimental Design
We initially recruited 14 hearing-impaired individuals to participate in our experiment,
but were unfortunately unable to use three of them. One volunteer had had three major
eye surgeries, resulting in a large amount of scar tissue on his eyeball which caused
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inconsistent corneal tag reflections. Another was suffering from severe allergies and as a
result, his eyes were watering profusely, again interfering with the corneal reflection.
The third volunteer was hearing-impaired due to a deformity in her outer ear canal, so we
were unable to successfully insert the earbud headphones.
Our final participant group therefore consisted of three males and eight females,
ranging from age 13 to age 69 (average age of 48.5 years). We recruited participants
with a wide range of hearing impairments, ranging from people with mild impairment
who choose not to wear hearing aids, to people with profound hearing loss who cannot
function without their hearing aids. We recruited participants who did not wear glasses,
as the reflection on the glasses lens interferes with the corneal image detected by the
camera. Each session took approximately one hour, and participants received $10 in
compensation.
A within-subjects design was employed, meaning that each participant performed
all seven trials, with the order of presentation randomized between participants. To
summarise, our independent variable was selection method; either (1) None, (2) Buttons,
(3) Pointing, or (4) Eyes. Our two dependent variables were recall (on a multiple choice
test with seven questions), and switch time in milliseconds. As in [59], we define switch
time as the time between the instant the red dot flashes or appears in a new location, to
the instant the user selects the correct corresponding window. The switch time variable
obviously could not be applied in the Control Condition.
We hypothesised that switch time will be fastest with Eyes, because Pointing
requires arm movement, and Buttons requires cognitive processing. In terms of recall,
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we predict that participants will have the best recall in the Eyes condition, and the worst
in the Control condition.

5.5 Data Analysis
For the switch time variable, the results were the number of milliseconds from the instant
the red dot flashed or appeared in a new location; to the instant the participant selected
the correct video. The output from Max/MSP/Jitter consisted of a text file containing the
full dataset for each of our 11 participants. For each participant, we had either eight or
nine instances of switch time (in ms) in each of the six trials (two trials each of Buttons,
Pointing, and Eyes). To reiterate, we were obviously unable to use the switch time
variable in the Control condition, as participants had no control were unable to switch.
For the recall variable, we used the results of the multiple-choice recall test from
each of the seven trials (one trial in Control condition, and two trials each of Buttons,
Pointing, and Eyes). The results in this case were numbers between zero and seven,
indicating the number of correct answers out of a possible seven.
The output files were exported to SPSS v14 for statistical analysis. Analyses of
variance (ANOVAs) with the factor of Selection Method were performed separately on
switch time and recall. This was followed by post-hoc pairwise comparisons between
each condition, using the Bonferroni correction to account for multiple comparisons. As
user experience data was non-parametric; questionnaire data was analysed using KruskalWallis tests for overall significance.
statistical analyses.

Significance level was assumed at p < .05 for all
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5.6 Results
Our results showed that, as predicted, Eyes had the fastest switch time in comparison to
the two manual selection conditions. A one-way ANOVA revealed highly significant
differences in switch time between the three selection methods (F2,30 = 13.14, p < .001).
Post-hoc comparisons with Bonferroni correction showed that Eyes was significantly
faster than both Buttons (p < .01) and Pointing (p < .001). In terms of performance;
Eyes were 73% faster than Pointing, and 58% faster than Buttons. Table 5.1 details the
mean switch times, with standard error; and Figure 5.9 illustrates the switch time results
in graphical form.

Table 5.1: Mean switch times and standard errors across conditions.

Mean Switch Time (ms)
(standard error)

Buttons
2211.8
(151.6)

Pointing
2424.6
(166.4)

Eyes
1404.3
(113.7)

CHAPTER 5. USER STUDY

69

3000

Switch Time (ms)

2500

2000

1500

1000

500

0

Buttons

Pointing

Eyes

Figure 5.9: Graph showing mean switch times across conditions.

In terms of recall, we hypothesised that participants would perform better on the
recall questionnaires in the Eyes condition, because they were not using cognitive
resources to point or memorise the actor-button mapping.

As expected, a one-way

ANOVA showed highly significant differences in recall between the four conditions
(F3,40 = 16.33, p < .001). Post-hoc comparisons with Bonferroni correction revealed that
Eyes had significantly better recall than Pointing (p < .05), Buttons (p < .001), and
Control (p < .001). In addition, recall in the Pointing condition was significantly better
than in the Control condition (p < .01).

Performance-wise; recall with Eyes was 80%

better than Control, 54% better than Buttons, and 37% better than Pointing. Table 5.2
details the mean recall measures with standard error across conditions; and Figure 5.10
illustrates the recall results in graphical form.
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Table 5.2: Mean recall and standard errors across conditions.

Mean Recall
(standard error)

Control
.82
(.30)

Buttons
1.91
(.28)

Pointing
2.60
(.30)

Eyes
4.14
(.46)
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Eyes

Figure 5.10: Graph showing mean recall across conditions

5.7 User Experience
After the experiment, we presented each participant with a short five-item questionnaire,
asking their opinion on which condition they thought was best for recall, fastest for
switching, easiest, most natural, and best overall.

Kruskal-Wallis tests showed

significant differences for all five items: perceived recall (p < .01), perceived switch time
(p < .01), easiest (p < .001), most natural (p < .001), and best overall (p < .001). The
results from this questionnaire are illustrated in graphical form in Figure 5.11.
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Figure 5.11: Graph showing results for the five items on the User Experience
post-evaluation survey.

Participants seemed to have a very positive experience using the Attentive
Hearing Aid system, and the AHA was preferred in the “easiest”, “most natural”, and
“best overall” categories on the post-experiment survey. Written and verbal comments
included “how magical”, “what a wonderful concept!”, and “just incredible – you just
glance and bam!”
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Chapter 6
Discussion and Future Work
This final section presents an overview and analysis of our results, a discussion of two
unexpected findings that we noticed during our evaluation, a comparison of the Attentive
Hearing Aid system to other noise reduction solutions, and some future directions for this
line of research.

6.1 Overview
Overall, the results obtained for both the switch time and recall dependent variables were
in line with expectations.

In order to further analyse these results, we present a

discussion in terms of two distinct limiting factors that we observed: movement and
mental load.
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6.1.1 Movement as a Limiting Factor
For the switch time dependent variable, we draw a loose connection to Keystroke Level
Modeling [18] to further analyse our results. We hypothesised that Eyes would have the
fastest switch time, and found that Eyes were indeed 73% faster than Pointing, and 58%
faster than Buttons. The Eyes condition is almost a purely reflexive task; the red dot
moves and draws your attention, you look at the new position of the dot, the correct tag is
activated and you receive near-immediate audio feedback that you have correctly made
the selection.

In this case there is little to no cognitive processing, and the only

movement required is a quick saccade of the eye.
The Pointing condition is quite similar, however, instead of a quick glance, a
deliberate movement of the arm is required in order to point the remote at the correct
actor; resulting in a much slower switch time. In the Buttons condition, the only motion
required is a quick movement of your thumb to the correct button; in this case however
there is a cognitive load as you are required to mentally match that actor to his particular
number.

From the results, we can infer that for switch time, speed is somewhat

proportional to the amount of movement required, as Eyes was the fastest, then Buttons,
then Pointing.

6.1.2 Mental Load as a Limiting Factor
In terms of our second dependent variable; we predicted that recall would be highest in
the Eyes condition, and lowest in the Control condition. Our results were again in line
with our hypothesis; with recall in Eyes being 80% better than Control, 54% better than
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Buttons, and 37% better than Pointing. This time however, it seems that mental load had
a stronger effect than movement, as participants’ recall was 26% better in the Pointing
condition (no mental load) than in the Buttons condition. Again, this is intuitive as it is
obviously very difficult to pay attention to and memorise facts from the story when you
have to recall which number corresponds to the target actor every ten seconds.

6.2 Unexpected Findings
During the analysis of our results, we noticed two interesting effects that will be
discussed in this section. The first involves a discrepancy between participants’ actual
data for the recall variable, and their self-reported assessment of their recall. The second
involves some interesting individual differences in switch time between participants.

6.2.1 Discrepancy in Recall Data
The first finding involves the large discrepancy between participants’ self-reports and
their actual data for the recall variable. Participants seemed to greatly overestimate their
recall ability for Buttons, and conversely, underestimate their recall in the Pointing
condition. Figure 6.1 illustrates this incongruity, with graphs of both the actual mean
recall data, and participants’ mean self-reports of their recall. One explanation could be
that the cognitive load produced from having to remember the actor-button mapping
operates at a more subconscious level, and participants therefore did not actually realise
the extent that the memorisation affected their recall performance.

Tognazzini also

presents an interesting argument on perception vs. reality in [53], where participants
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consistently reported that using the keyboard was faster than using the mouse; but the
stopwatch consistently showed that mousing was faster than keyboarding.
Actual Mean Recall

Self-Reported Recall
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4

4

3
3

2
2

1

1

0

0

Control

Buttons

Pointing

Eyes

Control

Buttons

Pointing

Eyes

Figure 6.1: Actual mean recall across conditions (left) and participants’ self-reported
assessment of their recall across conditions (right).

6.2.2 Individual Differences
A second interesting phenomenon that we observed involves individual differences
between switch times for Buttons and Pointing.

Mean switch times across our 11

participants showed reasonably well-shaped distributions and approximately equivalent
mean switch times for Buttons and Pointing. However, this was not the case for some of
our individual participants. It seems that some people were far slower in the Buttons
condition, and indeed many of these participants mentioned that they had noticed a
significant decline in their short-term memory in recent years. On the other hand, other
participants seemed to easily memorise the mapping between the three actors and the
three buttons; but instead experienced more difficulty in the Pointing condition, where
movement was the limiting factor. These differences can perhaps be attributed to the fact
that our participants were middle-aged, rather than the typical student-aged population.
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To illustrate, Figure 6.2 shows the mean switch times for Participant A who was
slower in Buttons (cognitive load and/or memory as the limiting factor); and Participant
B for whom the limiting factor was movement (resulting in slower Pointing).
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Figure 6.2: Mean switch times (in ms) for two individual participants illustrating
differences between Buttons and Pointing condition.

6.3 Comparison to Other Noise Reduction Systems
The Attentive Hearing Aid extends several eye-based selection projects previously
discussed. As covered in Section 2.3.3, the Visual Resonator is a similar device used for
targeting sound sources in the environment and uses head orientation to sense
directionality. However, Watanabe et al. [60] state that “the eyes are the primary source
for determining a person’s focus of attention during social interaction”, and also mention
that one reason for their choice of head orientation was so the interface would be “simple
and easy to wear”. We believe that the Attentive Hearing Aid has finally realised the
longtime goal of accurate eye tracking without bulky equipment or time-consuming
calibration.

CHAPTER 6. DISCUSSION AND FUTURE WORK

77

In terms of comparison to assistive hearing devices currently on the market, the
Attentive Hearing Aid system addresses several negative issues. Unlike Personal FM
systems, AHA does not suffer from interference from other nearby systems.
Additionally, Personal FM systems only allow the user to listen to a single sound source
in the environment, whereas the AHA system thrives in an environment with multiple
sound sources.
Hearing aids with digital noise reduction (DNR) are useful because neither the
listener nor the speaker is required to wear any extra hardware. However they perform
very poorly in situations where the background noise is in the same frequency range as
speech, or is actually speech itself. Because the Attentive Hearing Aid system is based
on the spatial location of sound sources in the environment; the frequency of the
background noise is not an issue.
The main flaw of directional hearing aids is that the user’s head must always be
oriented towards the sound source that they wish to listen to. This means that it would be
impossible to listen to the radio next to you, or hear your spouse when they are behind
you. The Attentive Hearing Aid system could allow the user to “lock” on to the desired
sound source, so he can listen to that source without being oriented towards it.
Additionally, directional hearing aids are based on less accurate head orientation, not
where the user is actually looking.
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6.4 Limitations and Future Work
In our evaluation, we have effectively eliminated the Midas Touch Effect [25] by simply
only allowing the “correct” target to be selected. This was done because we wanted to
focus on the natural interaction of simply looking at a person who is currently speaking.
If the Attentive Hearing Aid were to be deployed in the real world, the situation would be
very different, as the device would instantly amplify the audio of whoever the user is
currently looking at. Therefore, for real-world settings it would be possible to have some
sort of “lock button” on the wearable computer or hearing aid itself (described in Section
4.2.4).
We recognise several areas for future improvement, mostly in terms of hardware
modifications. In the future, we would like to see the AHA system perform more
favourably in longer-range settings. Our current prototype requires the user to be within
roughly 2 m from the IR tags; otherwise the tag reflection in the eye may be too weak for
identification.

By building brighter tags, the user could be situated further away,

increasing the flexibility of the system. We also envision a much smaller camera as
technology advances; therefore allowing for the easy attachment of the camera boom to
any behind-the-ear hearing aid. In addition, our current prototype does not work reliably
with people wearing glasses as the tag reflection on the glasses lens can interfere with the
reflection on the cornea. Perhaps in the future the camera could be embedded into the
frame of the glasses themselves; thereby eliminating the multiple reflection issue and also
allowing for more discrete usage.
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As mentioned previously, we also hope that the portable computer could be
reduced to the size of a PDA, for greater portability and convenience. As discussed in
[48], other potential improvements include increasing the frame rate of the camera and
allowing the tags to transmit more information; implementing printable tags to allow for
unobtrusive tagging of products; and taking advantage of existing IR sources in the
environment.
Another setting that this technology could prove useful is for people with
attention disorders, for example children with Attention Deficit Disorder, or people on
the Autism Spectrum. In both of these conditions, people often find it very difficult to
“tune out” distractions and focus their attention on one person or task.

The Attentive

Hearing Aid could prove useful in this scenario as a device which augments the person’s
impaired attention-focusing resources, and could potentially help people to better
concentrate on the task at hand. It would be very interesting to run studies where the
AHA is deployed in classroom or workplace settings, and see if this attention-focusing
tool could potentially be of use to people who suffer from attention disorders.
We also look forward to testing this device with a non-hearing-impaired
population of participants. Therefore, instead of thinking of this system of an assistive
technology for persons with disabilities; it could be thought of as a system to augment
user attention. For example, in a loud environment such as a factory, workers on the line
usually wear ear plugs to reduce the large amounts of machine noise, and often have
difficulty communicating with each other. In his review article, Smith [47] discusses the
non-auditory effects of noisy work environments; and presents several interesting
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conclusions. Noisy environments increase the likelihood of “everyday errors” such as
failures in attention and memory; and people wearing ear plugs in noisy environments are
more productive than those not wearing ear plugs. Some studies also show a significant
correlation between the level of noise in a workplace, and the frequency of job-related
accidents.
Imagine a factory setting where instead of wearing earplugs, workers wear special
earbud headphones that reduce background noise, and are linked directly to the Attentive
Hearing Aid system. Each worker could therefore simply look at a co-worker and be able
to speak selectively to him without having to shout over the din. We believe a system
like this could potentially result in a drastic reduction of noise-related workplace
accidents in loud environments.

6.5 Conclusion
The Attentive Hearing Aid project intersects a wide range of disciplines; including
computer science, biology, sociology and psychology. We used our knowledge of the
anatomy and physiology of the human visual system to create a wearable eye contact
sensor that analyses images of the user’s eye in order to identify when the user is looking
at tagged people and devices in their environment. We investigated the structure and
function of the human auditory system, and used this knowledge to make decisions about
the audio equipment we should use, and how best we could accommodate people with
varying types and degrees of hearing impairment.
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In terms of computer science, this project required the engineering of a number of
specific original hardware and software components. We built the wearable camera
system; constructed several iterations of infrared tags; and experimented with different
patterns of infrared code. In terms of software, we created programs that used computer
vision and pattern analysis to identify tags that the user looks at in their environment. On
the other end, we created an interface which then received this tag identification number
and used this information to toggle both the video and audio in our experiment. We also
implemented two other methods of manually toggling the audio via button selection and
pointing with a remote control. From a human-computer interaction (HCI) point of view,
the Attentive User Interface paradigm [57] provided a foundation for this work.
We researched the impact of hearing aid use from a sociological perspective in
order to identify our specific research problem: reducing the negative impact of
background noise. We interviewed many hearing aid users in order to gain a complete
understanding of the issues encountered in their everyday lives, and brainstormed how
best we could address these concerns. Research shows that the number one improvement
sought by hearing aid users is better understanding of speech in noise [27]. Most hearing
aids amplify everything in the user’s environment, and therefore have a very poor signalto-noise ratio (SNR) simply because it is difficult to differentiate the signal from the
noise. We therefore sought to create a device that improves the signal-to-noise ratio of
the user’s auditory environment by reducing background noise. In our system, the user
visually selects which auditory source they wish to amplify in comparison to the noise in
their environment.
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We performed an in-depth evaluation of our system, using 11 hearing-impaired
participants to improve the external validity of the study. Participants were asked follow
a story told by three actors on a screen; and to select the specified target actor in four
different conditions: (1) Buttons, (2) Pointing, (3) Eyes, or (4) Control.

Every ten

seconds, a switch occurred, and participants were required to select the new target actor.
We employed a within-subjects design with two dependent variables: switch time (time
taken for the participant to select the new target), and recall of the material in the story.
Results showed that Eyes were significantly faster than the two manual selection
methods, with Eyes being 73% faster than Pointing, and 58% faster than Buttons. In
terms of recall, Eyes were 80% better than Control, 54% better than Buttons, and 37%
better than Pointing. We also observed two unexpected findings: a discrepancy between
perceived and actual data, and some interesting individual differences. We conducted a
post-evaluation user experience survey which showed very positive results, with Eyes
being ranked as easier, more natural, and better overall than Buttons, Pointing, and
Control.
In general, we believe that this work has shown great promise for the visual
selection of auditory sources in the environment, and we sincerely hope that the
advancement of the required hardware will one day allow for such a product to be
released on the market, where it can directly benefit the hearing-impaired community.
The ultimate goal of this project is to produce an attentive hearing aid that will be
commercially viable, and which will better the quality of life for hearing-impaired
individuals.
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Appendix A
A.1 Example Recall Passage
The star-nosed mole is a small mammal found in parts of Canada and the United
States. It lives in wet swampy areas where it eats insects and worms and can also swim
in streams and ponds to find clams and snails. Like other moles, star-nosed moles also
dig tunnels, many of which lead straight into the water. To help them dig, they have
large strong claws to move soil and stones side. They have even been seen burrowing
tunnels in the snow and swimming under the ice in winter.
The star-nosed mole is covered in a thick layer of black waterproof fur, and has a
long thick tail where it stores fat for the winter. Adults are about 20cm long, and weigh
about 55 grams. Star-nosed moles are blind, so they have a unique feature to help them
get around in their environment and find food. At the end of their snout, they have a
circle of 22 soft pink tentacles, which are incredibly sensitive and are covered with about
100 000 tiny touch receptors. They can move these around to find food, and also use
them to prevent mud from going up their nostrils when they are burrowing.
Star-nosed moles tend to mate in early spring, and each female has a litter of 4 or
5 pups. The star-nosed mole is also the fastest-eating mammal in the world, it takes only
a fifth of a second to identify its food and eat it too!
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A.2 Example Recall Test
1. What colour is the star-nosed mole’s fur?
a. Black
b. Brown
c. Red
d. White
2. What is the average length of an adult star-nosed mole?
a. 15cm
b. 20cm
c. 25cm
d. 30cm
3. How much does an average adult star-nosed mole weigh?
a. 55g
b. 60g
c. 65g
d. 70g
4. How many tentacles does the star-nosed mole have on its nose?
a. 15
b. 17
c. 20
d. 22
5. How many touch receptors are on the mole’s snout?
a. 25 000
b. 50 000
c. 75 000
d. 100 000
6. When do star-nosed moles mate?
a. Spring
b. Summer
c. Fall
d. Winter
7. How long does it take for the mole to identify and eat its prey?
a. 0.1 seconds
b. 0.2 seconds
c. 0.5 seconds
d. 1 second
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