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Abstract

Children with complex care needs sometimes have difficulty communicating with their parents,
caregivers and teachers. For these children eye gaze assistive technology can be used to facilitate
communication. The objective of this research was to enhance the evaluation process of eye gaze assistive
technology through development of an evaluation framework. A systematic review was completed that
aimed to explore eye gaze assistive technology outcome measures for children and youth with complex
disabilities. Outcome measures as well as environmental and personal factors were mapped to the World
Health Organization’s International Classification of Functioning, Disability and Health framework.

The systematic review identified prohibitive costs, technical issues, and personal factors as
barriers that impeded technology uptake. To begin to address the issues of prohibitive costs and technical
issues, a reliability study and usability study were conducted using the low cost Tobii 4C eye tracker with
typically developing children and adults. Results indicated that the low cost eye tracker was suitable for
assistive technology applications and informed recommendations for device set up and calibration. The
usability study also explored the personal factors of fatigue and frustration, by conducting a workload
assessment using the NASA Task Load Index. Results indicated that fatigue is the largest workload
contributor and that incidences of frustration may be over reported.

The systematic review also identified professional support as the primary facilitator of technology
success. It further recommended utilization of Goal Attainment Scaling and the Augmentative and
Alternative Communication Therapy Outcome Measures when evaluating eye gaze assistive technology.
A methodology was developed for clinicians that promotes the design of a user interface that is both
functional and appropriate for the user by using the principles of cognitive work analysis. Findings were
integrated into the proposed eye gaze assistive technology evaluation framework, specifically designed to
support clinicians. This provides the individualized approach necessary for the heterogeneous population
of eye gaze users. Additionally, by reporting outcomes in a standardized format that can be easily

interpreted, this will encourage comparison between different users and studies.
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Chapter 1

Introduction

1.1 Context and motivation

Children with severe physical disability often have complex communication needs and
abilities [1],[2]. Access to augmentative and alternative communication (AAC) devices is limited
when head and limb movements are also affected [3]. Without speech or other robust forms of
communication, it can be difficult for these children to communicate with parents, caregivers and
teachers. Research has shown that children with profound physical impairments are restricted in
societal participation [4] and have limited opportunities for social interaction [5]. For these
children, access to a computer can create opportunities for communication and societal
participation as well as other recreation activities [6]. When traditional computer access devices
such as mouse, keyboard, joystick, touch screen or switch, are unsuitable, eye gaze assistive
technology may provide a solution [7]. Eye gaze assistive technology allows the user to operate a
computer using eye pointing as the input mechanism. Typically, a click is initiated by dwelling on
a target for a predefined period of time. Successful implementation of eye gaze assistive
technology can empower the user and encourage greater autonomy by enabling computer access
[8]. However, device uptake and abandonment often occur as a result of challenges associated
with integrating this technology into daily activities.

Technical issues are widely reported in studies involving eye gaze assistive technology.
Interaction issues may include calibration difficulties and sensitivity to head movements
[9][10][11][12][13]. There are also challenges associated with customizing the device interface
(software) to meet the needs and abilities of each user [10]. Comprehensive professional support

is especially critical during the initial stages of technology implementation. Ongoing technical



support for family members, caregivers and teachers is necessary to set up, interact with and
maintain the device. Costs can also be prohibitive at both the evaluation and purchase phases.
Tobii Dynavox is a major supplier of eye gaze assistive devices and prices range from $1500
CAD to $17,600 CAD depending on the combination of device and software chosen [14]. There
is a substantial learning curve for eye gaze assistive technology. One study found that and it can
take 15-20 months of regular usage before children became more accurate selecting targets [15].
The cost benefit trade-off limits the ability to assess effectiveness of eye gaze assistive
technology. Clinicians can only provide limited access to the technology for trialing and parents
can find the cost prohibitive. A more effective method to evaluate eye gaze assistive technology

with the user is required to allow both clinicians and parents to make informed decisions.

1.2 Research questions and hypotheses

To achieve the goal of enhancing the evaluation process of eye gaze assistive technology,
three research questions were identified.

Research Question #1

How is eye gaze assistive technology currently being used by children with physical disabilities?
e \We hypothesized that communication would be the primary outcome or goal for
children using eye gaze assistive technology.
e We hypothesized that technical issues and insufficient access to professional support
would be the primary barriers to technology uptake.

Research Question #2

How can we improve the evaluation of eye gaze assistive technology?
We identified a low-cost eye-tracker marketed as a computer gaming add-on. To evaluate
its effectiveness with the potential to be used as an assistive device, we first sought to answer the

guestions:



i) How reliable is this device?

¢ We hypothesized that the device would enable effective interaction over
days/throughout the day

i) How usable is this device?

e We hypothesized that understanding how typically developing individuals interact
with an eye tracker could provide insight to inform eye gaze assistive technology
evaluation strategies for children and youth with disability.

Research Question #3

How can we support professionals who are prescribing the technology to individuals with
disability?

o \We propose that the principles of cognitive work analysis can be used to inform the
design of the user interface once the functional requirements of the eye gaze system have
been identified.

e \We propose that an eye gaze assistive technology evaluation framework can provide

additional support to prescribing clinicians.

1.3 Thesis layout

To address these questions, we sought to undertake both a systematic review and
experimental work to understand the issues identified. We further sought to develop a framework
that could guide therapists through the evaluation and implementation processes. The chapters of
this thesis following the introduction are:

Chapter 2: To better understand outcome measures and uptake barriers a systematic review was
conducted.
Chapter 3: To evaluate the effectiveness of eye tracking throughout the day and over a few days,

an eye tracker repeatability study was conducted.

3



Chapter 4: To better understand potential issues that may be experienced by users of eye gaze
assistive technology, we sought to conduct a usability study across the age spectrum of 4-18 years
by youths who were typically developing.

Chapter 5: To support clinicians in developing a functional and appropriate user interface, we
applied the principles of cognitive work analysis to inform the interface design of augmentative
and alternative communication devices

Chapter 6: To support clinicians and enhance evaluation of eye gaze assistive technology we
developed a evaluation framework for eye gaze assistive technology.

Chapter 7: To improve potential applications of the current study, future work is discussed.



Chapter 2
Systematic Review Investigating Outcome Measures and Uptake
Barriers When Children and Youth with Complex Disabilities Use Eye

Gaze Assistive Technology

2.1 Overview

A systematic review was conducted to understand how eye gaze assistive technology is
currently being used by children with physical disabilities. The objectives of this systematic
review were to classify usage of eye gaze assistive technology using the World Health
Organization’s International Classification of Functioning, Disability and Health framework, and
to identify barriers and facilitators of eye gaze assistive technology success and uptake by
children and youth. The findings of this review have relevance for engineering design of assistive
technology as well as evaluation and training in rehabilitation science / occupational therapy.
Furthermore, these findings have been used to guide the development of an evaluation framework

for eye gaze assistive technology.

2.2 Background

There are children, youth, and adults worldwide with complex needs and abilities who
are unable to communicate through conventional means [3]. Without speech or other robust forms
of communication it can be difficult for these children to communicate with parents, caregivers
and teachers. When head and limb movements are affected, access to suitable augmentative and
alternative communication (AAC) devices is limited [3]. Research has shown that children with
limited communication abilities and profound physical impairments, are restricted in societal

participation and have limited opportunities for social interaction [4],[5]. For these children



access to a computer can create opportunities for communication and societal participation as
well as other recreation activities.

When communicating through a computer interface, one can typically use a keyboard,
mouse, joystick, touchscreen, and perhaps switches. However, even specialized modified
versions of these technologies may not be suitable for individuals with severe motor impairments.
For individuals with complex functioning, eye gaze systems have become a viable and reliable
computer access method and AAC technology [16],[17]. Eye gaze systems have the potential to
empower the user by enhancing communication opportunities and by enabling users to engage in
a variety of educational and recreational activities [8],[18].

Most eye gaze systems used in assistive technology applications consist of an eye tracker
(which uses specialized infra-red video cameras) mounted to the bottom of a tablet or computer
monitor as well as specialized AAC software [3]. To utilize an eye gaze system, the user must
have voluntary eye-movement control to navigate the cursor across the screen. The user can make
selections or ‘click’ either by holding their gaze for a certain time (‘dwell’), blinking or activating
an external switch or button. There is a significant learning curve associated with eye gaze
assistive technology and it has been shown that for individuals with complex disabilities,
acquisition of eye gaze skills may take several months to a year [19].

Eye gaze assistive technology users are a diverse population and may have any
combination of physical and/or cognitive impairments. Just because one child with a particular
health condition is successful using an eye tracker does not mean that another with the same
condition will be successful using an eye tracker. For technology uptake to be successful,
matching the motor, cognitive, and sensory skills of the user with the capabilities of the eye gaze
system is essential. This requires ongoing support from health care professionals, particularly in
the initial stages of language and literacy skill development [2]. Support from family members

and caregivers is also critical. Research has also shown that when the user and their family is
6



involved together in the process of matching a technology with the individual, it is less likely the
system will be abandoned [6],[20].

A systematic review conducted by Karlsson et al. examined the effectiveness of eye gaze
assistive technology at facilitating communication for children and adults [3]. The review
included two articles; one that reported communication outcomes for children with cerebral palsy
[15], and the second that reported greater quality of life and reduced depression among adults
who use eye gaze with amyotrophic lateral sclerosis [21]. Karlsson et al. found no outcomes
specific to eye gaze assistive technology or assistive technology [3]. However, they identified the
recently developed AAC Therapy Outcome Measures (TOMS) [22], which are aligned with the
International Classification of Functioning — Children and Youth, as a possible means of
assessment [3]. Karlsson et al. recommended that “in relation to outcome measurement,
measures of participation and quality of life should be explored to identify whether successful
eye-gaze control technology used to access a computer has an impact on these important
domains” [3]. The current systematic review addresses this recommendation by recording and
classifying outcome measures utilized in eye gaze assistive technology research with respect to
their impact on domains of activities and participation under the International Classification of

Functioning, Disability and Health.

2.2.1 ICF framework

The International Classification of Functioning, Disability and Health (ICF) is a
framework for describing and organizing information on functioning and disability. The ICF
frames the understanding of disability through its multi-faceted aspects, minimizing the risk of
solely defining an individual by their disability [23]. There are no known studies that use the ICF

framework to explicitly assess technology outcomes when using eye gaze assistive technology for



children and youth with complex disabilities. For this review there are two ICF domains of
interest: (i) activities and participation and (ii) environmental factors and personal factors.

Under the ICF framework, the activities and participation domain is influenced by and
affects the framing of the individual’s health and/or disability, body function/structures, and
personal/environmental contextual factors. The activities and participation domain covers nine
subdomains including communication; community, social, and civic life; domestic life; general
tasks and demands; interpersonal interactions and relationships; learning and applying
knowledge; major life areas; mobility; and self-care [23].

While eye gaze assistive technology users are a heterogeneous population, there are some
commonalities across all users. Regardless of health condition(s) and/or physical or cognitive
impairment(s), the impact and interaction effects on body function/structures of the user has
resulted in significant challenges for the user in every domain associated with activities and
participation. As such, children and youth with complex disabilities often rely on a caregiver to
assist them to play, communicate and perform most other daily activities [17],[24].

The environmental factors domain of the ICF categorizes and contextualizes an
individual’s health and disability within their environment. There are five environmental factors
defined by ICF: attitudes; the natural environment and human-made changes to the environment;
products and technology; services, systems and policies; and support and relationships. Personal
factors are not explicitly defined by ICF but in the context of this systematic review any external
factors pertaining to the individual not adequately described by environmental factors were
considered personal factors. These environmental factors and personal factors may facilitate or
impede technology uptake and success.

There is an alternative version of the ICF specifically targeted towards children and
youth, titled International Classification of Functioning, Disability, and Health: Children & Youth

Version or ICF-CY. The ICF-CY is fully compatible with the ICF, as it was developed by
8



expanding on the classification structure to provide more detail when documenting the
characteristics of children and youth [25]. This included expanding qualifiers to encompass
developmental aspects as well as modifying descriptors and inclusion/exclusion criteria, and
assigning new content to unused codes [25]. This review does not go beyond one-level
classification so differences in applying ICF or ICF-CY are inconsequential.

A systematic review by Novak et al. highlighted that the ICF framework of coding is
extremely complex [26]. Multi-faceted disabilities such as cerebral palsy have a wide range of
body structure and function levels demonstrated across individuals, which influences activities
and participation and other domains of the ICF. Another systematic review by Calder et al.
provided evidence for the benefits of mapping outcomes to the ICF for a common language to be
applied across studies, especially for populations with disabilities [27]. Furthermore, Calder et al.
provided evidence that mapping outcomes to the ICF is a successful method for measuring the

impacts of an intervention [27].

2.3 Method

This systematic review was conducted using the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines [28]. The researchers assessed (i)
study characteristics, (ii) participant characteristics, (iii) methodological quality, (iv) activities
and participation outcomes, and (v) contextual factors influencing eye gaze assistive technology

success and uptake.

2.3.1 Eligibility criteria

The objectives are framed using the PICO model of population, intervention, comparison,
and outcome [28]. Only peer reviewed, English-language articles were considered for inclusion in

this systematic review. Studies were excluded if they (i) were systematic reviews, (ii) used eye



gaze for diagnostic purposes technique, (iii) did not report participant outcomes, or (iv) did not
meet the eligibility criteria defined for each PICO category.

Population. The population of interest was defined as school-aged children and youth
who do not use functional speech, generate writing, or use any other typical forms of language.
This includes communication through facial expressions, limited vocalizations (typically ‘yes’ or
‘no’), AAC, or through challenging behaviours. School-aged was defined as ages 4-21 years
because in many countries, children and youth with disabilities are able to access primary and
secondary education until the age of 21 [29],[30] ,[31].

Intervention. The intervention was defined as eye gaze assistive technology. Studies were
included if participants intentionally and voluntarily interacted with an eye gaze system to control
a software program. Studies were excluded if their focus was (i) passive eye gaze where the
participant was not intentionally interacting with or controlling their virtual environment using
the eye gaze system.

Comparison. The comparison was defined as the use of eye gaze assistive technology
versus the absence of eye gaze assistive technology use.

Outcomes. The outcomes were defined as effects on the ICF activities and participation

domain as well as environmental and personal factors impacting device uptake and success

2.3.2 Information sources

During February 2018, a search of seven academic databases including Cumulative Index
to Nursing and Allied Health Literature (CINAHL) via EBSCOhost; Excerpta Medica Database
(Embase) via OvidSP; Engineering Village; MEDLINE via OvidSP; PsycINFO via OvidSP;
REHABData; and Web of Science Core Collection was conducted. Additionally, the Tobii eye
tracking library (https://www.diigo.com/profile/Tobiieyetracking) and COGAIN gaze interaction

bibliography article collection ‘eye-controlled systems and gaze-based interaction for people with
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disabilities’ (http://wiki.cogain.org/index.php/Bibliography_Gaze_Interaction) were hand

searched.

2.3.3 Search

All OvidSP databases were searched using the key word and subject heading search
outlined below. The search strategy was adapted to include database specific subject headings for
CINAHL (vie EBSCOhost) and topic, research area, and category headings for Web of Science
Core Collection. For Engineering Village, a text string search that incorporated subject headings
from the OvidSP search strategy as key words was conducted. In the case of REHABData, due to
the limited options in search structure, three separate searches each requiring a single technology
search term used in the OvidSP search was conducted. The Tobii and COGAIN collections were
hand searched. Database searches were supported through additional hand-searches from other
sources as well as bibliographies of full-text articles included in the review.

OvidSP databases search. The following three search categories were paired with the
Boolean term AND to combine primary concepts of interest; (eye gaze assistive technology
search terms) AND (child and youth search terms) AND (non-verbal search terms). Each key
word was searched with its synonyms to describe the concept to its greatest extent. The specific
search terms applied are provided.

TECHNOLOGY SEARCH TERMS

Technology search terms included (‘eye track®™’ OR ‘eye gaz*’ OR ‘eye mouse’).
CHILD AND YOUTH SEARCH TERMS

Child and youth search terms included (‘child*’ OR ‘youth’ OR ‘boy*’ OR ‘girl*’ OR

‘juvenile” OR ‘kid*’ OR ‘teen*’ OR ‘young adult*” OR ‘school age*’ OR ‘young person*’ OR

‘young people’ OR ‘adolescent®’ OR ‘pediatric*’).
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DISABILITY SEARCH TERMS

Disability search terms included all forms of disabilities that may contribute to the
underlying cause of communication challenges. The terms (‘motor skill** OR ‘developmental’
OR ‘physical’ OR ‘motor’ OR ‘speech’ OR ‘language’ OR ‘communication’ OR ‘neurological’
OR ‘movement’) were paired with the Boolean term AND to join disorder or disability
descriptors including (disorder* OR disabilit* OR deficit* OR dysfunction* OR impairment* OR
difficult* OR condition*) OR (‘disabled persons/” OR ‘nervous system disease*’ OR ‘spinal cord
injur®*” OR ‘disabilit*” OR ‘non communicative’ OR ‘non verbal’ OR ‘motor skills disorders/’
OR ‘developmental disabilities/” OR ‘speech language pathology/” OR ‘speech disorders/” OR
‘language disorders/” OR ‘language development disorders/” OR ‘non verbal communication/’
OR ‘social communication disorders/” OR ‘movement disorders/” OR ‘communication

disorders/”).

2.3.4 Study selection

Relevant studies were selected after two-stages of independent review had been
conducted by at least two members of the research team. During the first stage, titles and abstracts
were assessed for eligibility. During the second stage, the full text of studies previously identified
were assessed for eligibility criteria. At each stage of review, studies were sorted into ‘Yes’, ‘No’,
and ‘Maybe’ categories. Studies in the ‘Maybe’ category were discussed in detail to evaluate

whether all team members agreed that the eligibility criteria were met.

2.3.5 Data items

Data items including study characteristics, participant characteristics, methodological
quality, ICF activities and participation outcomes, ICF environmental factors, and personal
factors impacting device uptake and success were extracted from each study. Study

characteristics included the length and frequency of eye gaze assistive technology use, the setting
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of use (home, school, or clinical setting), study design, and number of participants (see Table 1).
Participant characteristics included the primary health condition, presence of secondary health
condition(s), cognitive function, vision or hearing impairment, and age. Methodological quality
was assessed using Sackett’s Level of Evidence [32] and the risk of bias was analyzed in each
study (see Table 2). The main summary of study outcomes mapped to the impacted ICF activities
and participation domains can be seen in Table 3. Environmental and personal factors found in
each study were recorded as either facilitators or barriers to technology success and uptake and

are also summarized in Table 3.

2.3.6 Syntheses of results

The data items relevant to this review were independently assessed and recorded using
the McMaster Quantitative Critical Review Form [33] and corresponding guidelines [34]. Using
the critical review form, a minimum of two researchers reviewed each study.

Often, the studies’ main outcomes were not specifically related to the ICF domain
outcomes. In cases where ICF outcomes or factors were not explicitly reported, qualitative
statements made by the researchers, caregivers, family or user, were mapped to quantitative ‘yes’
or ‘no’ criteria. These statements indicated the presence (yes or no) of ICF activities and
participation outcomes, environmental factors, and personal factors. An example that includes the
gualitative mapping to the ICF activities and participation outcome of communication is
provided; “Although N clearly needed lots of support and was not using the system to initiate
communication yet, she had at least started to experience herself as an aided communicator with a

voice” [12].

2.4 Results

Each study included in this systematic review was assigned a number. This number is

used to refer to the appropriate study in the results and discussion sections (see Table 1 and Table
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3). In total, eleven articles were included in this review. However, two articles by Borgestig et al.

each reported on different segments of a larger project, and both articles focused on the same

participants [15],[35]. To avoid duplication these two articles were combined and considered as

one study (Study 1a/1b). As a result, this systematic review includes 11 articles from 10 studies.

In some cases, studies included populations both within and outside the 4-21 years’ age

criteria. If data could be separated, only information from participants within this age range was

considered. This was the case for two studies; a one-year-old participant in Study 1 and twenty

participants aged 24 - 53 in Study 8 were not considered. In the case of Study 8, some elements of

the discussion that relate to environmental and personal factors were not assigned to particular

participants but were still analyzed [11]. If the participant data could not be separated, data from all

participants was considered. This occurred in Study 4 where the participants had a mean age of

four years and four months with a standard deviation of one year [36].

Table 1: Study Characteristics (*papers considering the same participants)

# Citation Study description Length and Setting Stu_dy Parpmpant
frequency use design info
Study exploring = o
. children’s' ability to | 20-months use Single -
la (Borgestig et use/control an eye for dail Home & Case
al., 2016a) : Y dary School . Aged 5-15
gaze device over activities Design s
time. y!
tSOtL:)d{ier,;])(igLormg how 9-10 months of Sinale n=9*
1b (Borgestig et im ?ementation of use for daily Home & Cage
al., 2017) P . activities School : Aged 5-15
eye gaze systems in Design
) o yrs
daily activities
Assessment/evaluatio
n of computer-access
(Dhas, technologies for a 1 trial n=1
Samuel, & child with cerebral T Case -
2 - unspecified Home
Manigandan, | palsy through lenath of time Study Age 5
2014) parental perception of g g
difficulty using
system.
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Citation Study description fLength and Setting Stu_dy Paryupant
reguency use design info
Version
1(local): 1-hr
session.
Version
1(remote): 7 1-
Study testing two hr sessions
versions of EyeDraw | Version 2 . n=3
(CHornof & technology on people | (local): 1-hr Lab & Single
avender, : . - Case
2005) Wlth ff”?d_ W|tho.ut session, some Home Design Aged 9-18
disabilities (children | participants yrs
and adults). completed a
second 1-hr
session.
Version 2
(remote): 3-5
1hr sessions
Study exploring
parent perceptions of 2 trials of 6 Multiple n=>5
ease of use of two ;
(Karlsson & eve-aaze devices b weeks with use Home Case Mean age
Wallen, 2017) ye-gaz > by for daily Study g
their child and impact activities Design 4.4 yrs
of the system on the Std dev
child’s life.
Comparison of four
different computer
access solutions,
including an eye gaze | 8 sessions - Single n=2
(Man & system. Assessment twice per week, Lab Case
Wong, 2007) | of the correlation for unspecified - Aged 13-15
. Design
between movement length of time yrs
time and accuracy to
the level of comfort
and satisfaction.
(Miyamoto,
Shimada, Preliminary testing of . n=2
Maki, & an eye gaze ;g ?neisslggcshof Lab §S§e Age
Shibasato, communication aid. y unspecified
2016)
2 trials of 1
(Najafi, Assessment and month each for n=1
Friday, & provision of eye gaze | with almost Not Case
Robertson, assistive technology daily sessions of | specified Study Age 17
2008) for communication. unspecified
length
. 1 - 31 sessions, _
. Study_explormg the with an average Single n=10
(Thoumie et usability of an eye £7 ions for Lab Case
al., 1998) gaze communication Ot 7 Session - Aged 17-21
; an unspecified Design
interface. yrs

length of time
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# Citation Study description Length and Setting Stu_dy Paryupant
frequency use design info
Two individuals
utiI_izi_ng eye gaze 3 months of use
(Van Niekerk assistive technology 1 case with Home n=2
. were assessed on . - Case
9 | & Tonsing, L : daily use in the &lor
their interaction Study
2015) . classroom, 1 School Aged 7-9 yrs
between him/herself .
- case without use
and their
environment.
Modifying an adapted
(Vickers, eye tracking interface Sinale n=12
10 Istance, & to facilitate user 2 sessions of 30 Not Cage
Hyrskykari, navigation through an | minutes specified : Aged 8-17
. - Design
2013) immersive computer yrs

game.

2.4.1 Study selection

Combined, all database searches yielded a total of 4980 results with an additional 732

sources identified through hand-searches. After duplicates were removed, 4412 articles were

screened. 4377 articles were excluded based on their titles and abstracts, leaving 36 full-text

articles that were reviewed. A total of 11 articles from 10 studies were considered to meet the

inclusion criteria based on full text review. The PRISMA flow diagram including reasons for

excluding reviewed articles is displayed in Figure 1.
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Figure 1: PRISMA flow diagram

2.4.2 Study characteristics

Detailed study characteristics are provided in Table 1. The studies included a total of 47

participants fitting the eligibility criteria. Sample sizes ranged between 1-12 participants. Length

and frequency of interventions ranged from one-time use for one hour (Study 3) to 20 months of

daily use (Study 1a). Of the ten included studies, three reported results with eye gaze usage in

more than one setting i.e. home, school and/or clinical. Five of the studies reported on eye gaze

assistive technology use at home, two at school, four in a clinical setting, and two at unspecified

locations. Five studies were a single-case design, four studies were case studies and one study

was a multiple case-study design.
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2.4.3 Participant characteristics

Among the 47 participants an array of health conditions was described; cerebral palsy
(n = 26), cervical medullary lesions (n = 8), muscular dystrophy (n = 8), bilateral infantile striatal
necrosis (n = 1), and other unspecified (n = 4). Secondary health conditions and cognitive
function were not reported in all studies. However, it was reported that two participants had
unknown cognitive function, five had cognitive impairment, four had epilepsy, and four had
vision or hearing impairment. The overall average participant age across all studies was 13 years.
In the case of the participants with muscular dystrophy and cervical medullary lesions, these
populations only used the eye gaze system in a clinical lab environment and no attempt was made
to integrate the system into daily activities. The participants with muscular dystrophy still had
other communication / computer access options but an eye gaze system may become the only
viable option as their condition progresses. In contrast, for the majority of participants with
cerebral palsy a more comprehensive approach was taken to integrate the eye gaze system into

daily activities.

2.4.4 Methodological quality

There was significant variability across studies in terms of frequency of data collection
and types of outcomes reported. All studies were case series designs and therefore had a Sacket’s
Level of Evidence of 4, which is the second lowest level of evidence [32]. This was unsurprising
since the population of eye tracking assistive technology users is very small and case series
studies are quite common. In addition, biases were present in all studies and are summarized in

Table 2. The type of bias is justified based on guidelines provided by Law et al [34].
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Table 2: Presence of bias in studies included in the review

Bias # of Studies with Bias
Studies
Sample or Selection | Volunteer / Referral 10 All studies at risk
Attention 10 All studies at risk
Measurement or Recall / Memory 7 Studies that implement eye
Detection gaze assistive technology for
more than one-time use (1, 3, 4,
5,7,9, 10)
Intervention or Co-Intervention N/A Risk was unable to be
Performance determined
Timing of Intervention | 10 All studies at risk
Site of Treatment 7 Any study conducted at home

or at school (1, 2, 3,4, 7,9, 10)

Volunteer or referral bias. All studies were at risk for volunteer / referral bias (n = 10).

The families and caregivers who volunteer for an eye gaze study are most likely invested in the

study due to the often-exhaustive time commitment required to find an access technology for their

child. This may impact their attitude towards the technology in general. Additionally, families

who are participating in an eye gaze assistive technology study are likely to have support and

relationships that may help facilitate their access to eye gaze assistive technology. Finally, it is

likely that families who have access to eye gaze assistive technology would also have access to

services, systems, or policies that could enhance performance outcomes and promote technology

uptake.

Attention bias. All studies were at risk for attention bias (n = 10). All study participants

including parents or caregivers were aware of the study’s purpose. This may have influenced a

positive report bias.
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Recall / memory bias. Studies at risk for recall / memory bias included any study that
used self-report tools for participants, parents and caregivers (studies 1, 3, 4, 5, 7, 9, and 10). As
such, outcomes were reported after the fact, potentially skewing the results.

Co-intervention. Children and youth with severe disabilities resulting in significant
communication impairment are often enrolled in various therapy regimens. Within the included
studies, there was often little or no mention of therapy involvement co-existing with the eye gaze
intervention. Due to the lack of information provided, it was impossible to determine the risk of
co-intervention.

Timing of intervention. All studies were at risk of bias due to the timing of the
intervention. The interventions ranged from one time single-use to 20 months of daily-use.
Longer time frames could influence the results due to maturation effects. Shorter studies may not
have provided enough time for the child to learn and master the technology.

Site of treatment. Any study that took place at home or school was at risk of bias due to
the treatment site (studies 1, 2, 3, 4, 7, 9, 10). A comfortable, familiar environment (home or
school) may generate results more realistic to what would be seen in daily life, as compared to

conducting research at a location unfamiliar to the participant.

2.4.5 Main summary measures

The six subdomains under the ICF activities and participation domain were used to
categorize the activities and participation related outcomes found in the 10 studies included in this
review (see Table 3). The number of studies that presented outcomes in each subdomain is as
follows: communication (n = 8); interpersonal interactions and relationship (n = 7); community,
social, and civic life (n = 6); learning and applying knowledge (n = 5); general tasks and demands
(n = 6); and major life areas (n = 5). All studies met ICF activities and participation outcomes in

at least one category. Three studies met activities and participation outcomes in six categories (1,
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4, 5). The average number of ICF activities and participation subdomains met was 3.7 per study.
Outcomes related to the ICF activities and participation subdomains that were not found in any
studies were mobility, self-care, and domestic life. ICF environmental factors and personal
factors were extracted from each study and the results are categorized in Table 3.

The environmental factors found across the studies were attitudes; products and
technology; services, systems and policies; and support and relationships. Each factor was
considered either a barrier (-) or a facilitator (+) based on whether the contribution to technology
success and uptake was negative or positive. In some studies, multiple items were reported under
the same category or factor. For example, in Study 2 the attitudes of three different parties were
reported, two parties had a negative attitude and one party had a positive attitude [37]. This is
recorded in Table 3 as ‘Attitudes (-)(-)(+)’. Additionally, some studies explicitly stated
contributing factors for individual participants while others did not. To maintain consistency
between studies, factors were only considered on a per study basis, meaning that if the same
factor was noted for multiple participants it was only recorded once. For example, if three
participants in the same study reported technical issues this would be recorded as ‘Products and
Technology (-)’.

In total, 20 environmental and personal factors were noted as facilitators and 29
environmental and personal factors were noted as barriers, with an average of two facilitators and
2.9 barriers per study. For every environmental factor and for personal factors, the number of
barriers exceeded the number of facilitators with the notable exception of support and

relationships, and services, systems and policies.
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Table 3: Activities and participation outcomes, environmental factors, and personal factors

present in each study

Impacted ICF Activities and

# Citation Participation Subdomains Environmental and Personal Factors
Communication;
1a (Borgestig et | Community, Social and Civic Life; | Attitudes (+);
al., 2016a) General Tasks and Demands; Products and Technology (-);
Interpersonal Interactions and Services, Systems and Policies (+);
Relationships; Learning and Support and Relationships (+);
1b (Borgestig et | Applying Knowledge; Personal Factors (-)(-)
al., 2017) Major Life Areas
Communication; . )
(Dhas, Interpersonal Interactions and Attitudes (-)()(+); . )
Samuel, & . . . Services, Systems, and Policies (+)(+);
2 . Relationships; Learning and
Manigandan, Applvi ledge: Personal Factors (-)
2014) pplying Knowledge;
Major Life Areas
(Hornof & Products and Technology (-);
3 | Cavender, Community, Social and Civic Life Support and Relationships (+);
2005) Personal Factors (-)(+)
Communication;
Community, Social and Civic Life; N1\
General Tasks and Demands; Prod_ucts and Technology (_X*)’ ]
(Karlsson & : Services, Systems, and Policies (+);
4 Interpersonal Interactions and ’ . i
Wallen, 2017) . S - Support and Relationships (+);
Relationships; Learning and
- ) Personal Factors (-)
Applying Knowledge;
Major Life Areas
Communication;
Community, Social and Civic Life;
(Man & General Tasks and Demands;
5 Wong, 2007) Interpersonal Interactions and Products and Technology (-)
9 Relationships;
Learning and Applying Knowledge;
Major Life Areas
(Miyamoto,
Shimada, Communication; .
6 | Maki, & Learning and Applying Knowledge; :Lod%crisa?]réd% ?g;gﬁ;%?ys( (l’)
Shibasato, Major Life Areas PP P
2016)
(Najafi Communication; Attitudes (+);
FridJa ’& Community, Social and Civic Life; | Products and Technology (-)(+);
7 Robe?/t,son General Tasks and Demands; Services, Systems, and Poalicies (-)(-)(+);
2008) ' Interpersonal Interactions and Personal Factors (-)(-)(+)
Relationships
Communication; Attitudes (-);
8 (Thoumie et General Tasks and Demands; Products and Technology (-);
al., 1998) Interpersonal Interactions and Support and Relationships (-);

Relationships;

Personal Factors (-)
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# Citation Impa(_:t(_ed K.:F Activities _and Environmental and Personal Factors
Participation Subdomains
Attitudes (-);
. Communication; Products and Technology (-);
(Van Nl_ekerk Interpersonal Interactions and Services, Systems, and Policies (-)(-)(-
9 | & Tonsing, lationships: I ks and .
2015) Relationships; General Tasks an )(+); _ _
Demands; Support and Relationships (+);
Personal Factors (+)
f;{;%teerséc Products and Technology (-);
10 L. Community, Social, and Civil Life | Services, Systems, and Policies (-);
Hyrskykari,
2013) Personal Factors (-)(+)

Communication subdomain. According to the ICF, communication outcomes include
communicating by language, signs and symbols using communication devices [38].
Communication outcomes were found in eight of the ten studies (1, 2, 4, 5, 6, 7, 8, and 9). Studies
1,4,6,7,8and 9 directly reported enhanced communication for the user. Studies 2 and 5
reported less direct communication outcomes, where the user was able to independently use
software that could be used to communicate through typing.

Community, social and civic life subdomain. The ICF community, social, and civic life
subdomain encompasses community life, recreation and leisure; religion and spirituality; human
rights; and political life and citizenship [38]. These are important outcomes because research has
shown that overall quality of life may be enhanced by the establishment of community
connections and hobbies of interest [41]. Community, social, and civic life outcomes were found
in five studies (1, 3, 4, 5, 7 and 10). All five studies had outcomes of recreation and leisure
including play, relaxation, watching videos, and opportunities for hobbies. Religion and
spirituality, human rights, and political life and citizenship outcomes were not found in any of the
ten studies. However, as the children grow and mature there will be opportunities to pursue these
interests using an eye gaze system.

General tasks and demands subdomain. The ICF general tasks and demands

subdomain includes undertaking tasks, organizing routines or handling stress and psychological
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demands [38]. General tasks and demands outcomes were found in six studies (1, 4, 5, 7, 8 and
9). In these studies, users employed eye gaze assistive technology to complete communication
related tasks, education related tasks, or to incorporate these tasks into their daily routines.
Furthermore, some users were able to communicate their needs through the eye gaze assistive
technology which could contribute to their ability to handle stress and psychological demands.

Interpersonal interactions and relationships subdomain. The ICF interpersonal
interactions and relationships subdomain involves the actions and tasks required for basic and
complex interactions with people in a contextually and socially appropriate manner [38].
Interpersonal interactions and relationships outcomes were found in seven studies (1, 2, 4, 5, 7, 8,
and 9). In all cases, the action or task performed to meet interpersonal interactions and
relationships was communication. The only study that met a communication outcome without co-
existing with an interpersonal interactions and relationships outcome was Study 6. Study 6 was
solely targeted towards communication for educational applications and was significantly limited
by the constraints of the software used [39].

Learning and applying knowledge subdomain. The ICF learning and applying
knowledge subdomain includes purposeful sensory experiences, basic learning, and applying
knowledge [38]. Learning and applying knowledge outcomes were found in five studies (1, 2, 4,
5 and 6). Activities that were mapped to these outcomes included communicating with a teacher
about educational topics and computer use such as typing, playing educational games, and
watching videos.

Major life areas subdomain. The ICF major life areas subdomain includes outcomes of
education, work and employment, and economic life [38]. Major life areas outcomes were found
in five studies (1, 2, 4, 5, and 6). Any study that had an outcome related to learning and applying
knowledge was also mapped to the major life areas subdomain as access to learning could

influence further education, employability and financial independence. No direct outcomes of
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work and employment or economic life were found. However, this review is focused on a child
population for whom education is prioritized. If an eye gaze system is embraced, it may open
opportunities for employment and managing one’s economic life.

Attitudes. This ICF environmental factor classifies the attitudes of people external to the
person whose situation is being described, such as families, friends, caregivers, health
professionals or societal expectations [38]. ‘Attitudes’ includes thoughts and opinions of the
parents, caregiver, or health professionals about the usefulness of the technology, concerns about
its implementation and motivations for participating in the study. These attitudes of people
external to the child are usually of significant importance, particularly when considering children
with severely limited communication abilities. Three studies had attitudes acting as a facilitator
for technology uptake and success (1, 2 and 7). In these studies, either the parents gave high
satisfaction ratings of the technology, or the caregivers and health professionals indicated a
positive opinion of the technology. In the case of Study 1, parents reported high satisfaction with
eye gaze assistive technology immediately after intervention however, satisfaction decreased at
follow up after withdrawal of professional services [35]. Three studies had attitudes acting as a
barrier to technology uptake and success (studies 2, 8 and 9). Study 9 reported that the child’s
mother “felt disillusioned” about the prospect of the device providing adequate support as her
child developed literacy skills due to the limited display options on the device screen [12]. In the
case of Study 8, one user experienced psychological rejection of the technology because of the
perception that the device added to the image of disability [11]. In the case of Study 2, where
various computer access devices were tested, the parents expressed a strong preferences for a
hand-held access device (if it was possible) and the child’s teacher expressed concerns about the
cost of the device and the potential for damage [37]. However, these attitudes conflicted with the

opinion of the occupational therapist who recommended the eye gaze system with a modified
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head rest. Ultimately, an eye gaze system was not chosen as the computer access method for the
child [37].

Products and technology. Under the ICF, the products and technology environmental
factor includes any assistive products and technology adapted or specially designed for improving
the functioning of a disabled person [38]. Of course, products and technology (i.e. the eye gaze
system) were present in all studies. In this case, the aim was to capture the negative and positive
experiences of the user relating to usability of the technology. Two studies had products and
technology acting as a facilitator for technology uptake and success (4 and 7). This facilitation
was noted as ease of use with the eye gaze application, which is considered to be ease of
calibration and starting of the application. Conversely, nine studies reported products and
technology acting as a barrier to technology uptake and success (1, 3, 4, 5, 6, 7, 8, 9 and 10).
These barriers included calibration challenges, insufficient capture field of the eye tracker, and
general technical difficulties associated with using the eye gaze system. The exact cause of
technical issues was not always reported. However in three studies (8, 9, and 10) calibration was
explicitly noted. In Study 8, inability to calibrate the system prevented 2/10 youth participants
and 6/20 adult participants from using the system [11]. In Study 7, it was noted that calibration
could be time consuming and frustrating for the participant and as a result the participant
sometimes used calibration profiles from other people to interact with the system [10]. In Study 5
technical issues related to the capture field caused the system to fail completely [9]. In Study 9, a
participant’s mother and teachers suspected lighting in the environment was interfering with the
eye tracker but did not know how to address the issue [12].

Services, systems and policies. The ICF services, systems, and policies environmental
factor encompasses all services and benefits designed to meet the needs of various sectors of
society, in this case, children and youth requiring a technological aid for communication. These

may be provided by individuals, associations, organizations or governments [38]. Five studies
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had services, systems, and policies acting as a facilitator for technology success and uptake (1, 2,
4,7, 9). In these cases, there was funding and / or professional training / support as well as
adequate education resources available to the users and their families. Three studies had services
systems and policies acting as a barrier to technology uptake and success (7, 9 and 10). Study 10
reported concerns about the feasibility of implementing the eye tracking for recreational
purposes, in a game environment for users without the availability of adequate technical support.
It is noteworthy that two of these studies (7 and 9) indicated positive and negative experiences
associated with the available services, systems, and policies. Studies 7 and 9 both reported
fundraising concerns and while they had access to a variety of professional resources during the
time period of the study (positive experience), there was concern about the availability of long-
term support. Particularly in the case of Study 9, which took place in South Africa, there were
significant challenges associated with access to healthcare professionals, assistive technology and
education resources [12].

Support and relationships. The ICF support and relationships environmental factor
encompasses all physical and emotional support provided by family, caregivers, and other
persons in the daily life of the individual whose situation is being described [38]. While it is
evident in all studies that the participants experience significant physical and emotional support in
most aspects of their daily life, in the context of this review, support is only reported when it
specifically relates to the eye gaze system. Five studies had support and relationships acting as a
facilitator for technology success and uptake (1, 3, 4, 6, and 9). In studies 1, 3, and 9, parents
demonstrated a significant commitment to the successful implementation of eye tracking assistive
technology and took an active role integrating the technology into their child’s daily life. In
studies 6 and 9, the eye gaze system was not used daily but usage was implemented and

supported by the children’s teachers. One study reported support and relationships as a barrier to
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technology uptake (Study 8). In this case, the amount of support that was necessary to setup the
system was not considered to be feasible [11].

Personal factors. Personal factors are not explicitly defined by ICF. In the context of this
review, any factor acting as either a facilitator or a barrier to eye gaze assistive technology uptake
or success that was not adequately described by environmental factors was classified as a
personal factor. The attitude of the person whose situation is being described (in this case the
child or youth interacting with the eye tracker) was classified as a personal factor. Four studies (3,
7, 9 and 10) indicated that one or more participants demonstrated a high degree or excitement or
motivation when using the eye gaze system, which is considered to be facilitating device uptake
and success. Personal factors that were considered barriers to device uptake and success include
medical complexities such as epilepsy, comfort issues, and tremors. These factors altered the
user’s position in the capture field or otherwise prevented them from effectively interacting with
the eye gaze system. Additional factors include participants tiring, expressing boredom or
frustration. Seven studies (1, 2, 3, 4, 7, 8, and 10) had personal factors acting as a barrier.
Sometimes these factors were related, such as a secondary medical condition causing the

participant to tire more quickly.

2.5 Discussion

The objectives of this review were to classify eye gaze assistive technology outcome
measures and to identify barriers and facilitators impacting device uptake and success by
applying the ICF framework. This process highlighted four main themes (i) the importance of
accommodating individual user needs in the context of their health condition as well as their
environment and personal situation, (ii) the importance of establishing communication related
outcomes, (iii) the interaction effects of environmental and personal factors and (iv) the reliance

on professional healthcare services and organizations and caregiver support.
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2.5.1 Participants

This systematic review includes participants with four different primary health conditions
and five unspecified health conditions. Of 47 participants across all 10 studies, cerebral palsy was
the most prevalent diagnosis, affecting 55% of the participants. For 16 of the 26 participants with
cerebral palsy, the eye gaze system was thoroughly integrated into the daily lives of the
participants for the duration of the studies (1, 4 and 9). It was with these participants that
outcomes related to ICF activities and participation were most directly observed, such as attaining
a prescribed goal, making a choice or initiating communication. It was also observed with these
participants, that their support systems made the most significant investments (time and financial)
into the success of the eye gaze assistive technology. For seven of the other participants with
cerebral palsy, the device was being trialed for recreational purposes (studies 3 and 10) and thus
not integrated into daily life, though in the case of Study 3 the participants were already
experienced eye gaze system users [40]. The three remaining participants with cerebral palsy
were trialing a variety of computer access devices (studies 2 and 5) and ultimately an eye gaze
system was not the chosen access method for these users. In the case of Study 5, technical issues
caused the eye gaze system to fail and in Study 2 comfort issues and preferences of the mother
led to a switch solution being chosen over the recommendation of the eye gaze system by the
occupational therapist [37]. The participants with muscular dystrophy and some of the
participants with cervical medullary lesions were not all reliant on the eye gaze system as some
still maintained other communication options that they found to be easier. For these users, eye
gaze systems were not implemented but valuable feedback was provided.

For many participants, it was difficult to get direct feedback since robust communication
methods had not yet been established due to the severity of their physical and sometimes
cognitive impairments. Additionally, at times, secondary health concerns impacted their ability to

interact with the eye gaze system. Even though eight studies achieved communication as an
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outcome, most participants’ communication skills were not sufficiently developed to provide
detailed feedback. Often, feedback was obtained through observation by parents and health
professionals, which was then recorded as personal factors. When solely personal factors are
considered, there were two times more barriers than facilitators to device uptake and success. The
negative experiences of fatigue, discomfort, boredom or frustration were observed more
frequently than excitement and motivation.

One notable exception where feedback was obtained directly from the users occurred in
Study 3. Participants were trialing a recreational drawing software called EyeDraw. One
participant, an 18-year-old female with cerebral palsy, was considered to be a “power user” of
eye gaze assistive technology and had been using her system for 10 years prior to the study [40].
She used her eye gaze system on two computers simultaneously; she was able to run regular
windows applications to chat with friends, write poetry, access the internet and do school work
[40]. Using her eye gaze system, she was able to provide detailed feedback to the study

researchers.

2.5.2 Communication

For the majority of participants across all studies, enhancing communication and
establishing new language and literacy skills using an eye gaze assistive technology were the
primary goals. Through communication, individuals can build relationships and connect with one
another on a personal level. A user of eye gaze assistive technology may be able to relay
information to their support team to express their needs, aid their care, and improve their
autonomy. Furthermore, the ability to communicate may provide opportunities for community
involvement as well as education and employment opportunities. Many participants
communicated primarily through facial expressions and by responding to simple ‘yes’ or ‘no’

questions. Some individuals used a low tech communication board where the user points (with
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their eyes) to a letter, number or symbol on a board. However, this method relies on a secondary
observer to interpret the message relayed by the individual using the communication board. With
these methods of communication, it is very difficult for the individual to initiate a conversation
and express complex statements and thoughts. Effective utilization of an eye gaze system can
drastically reduce the user’s reliance on caregivers for communication, and could allow users to
relay complex messages and use the internet to communicate.

Communication outcomes were most prevalent, found in eight of the ten studies included
in the review. The two studies (3 and 10) that did not have communication outcomes were
focused on using eye gaze systems recreationally. However, in Study 3 participants were already
eye gaze users for many daily activities including communication [40]. Communication outcomes
were usually the goal for the participants, however communication outcomes were commonly co-
occurring with other outcomes including general tasks and demands, interpersonal interactions

and relationships, learning and applying knowledge, and major life areas.

2.5.3 Communication and other activities and participation domains.

It follows that with enhanced communication outcomes, this also generates opportunities
for outcomes in other activities and participation domains. Communication skills promote the
development of interpersonal interactions and relationships, as reported in seven studies.
Communication is also essential in relaying information related to general tasks and demands
(reported in six studies), as well as learning and applying knowledge (reported in five studies).
All of these outcomes are critical in educational settings represented by major life areas (reported
in five studies).

The only activity and participation outcomes that were recorded without the presence of
communication related outcomes were within the community, social and civic life domain

(studies 3 and 10). In both studies, this was the only impacted ICF activities and participation
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domain. These studies trialed recreational eye gaze software, one for drawing (Study 3) and one
eye control computer game (Study 10). While neither software provided communication
opportunities for participants, some communication with the user was required to complete the
trials. This communication was primarily one way — with the researchers, parents and caregivers

providing direction to participants.

2.5.4 Facilitator and barriers towards device uptake and success

It is evident that when it comes to implementing an eye gaze system, regardless of the
user’s ability profile, there are more barriers to device uptake and success than there are
facilitators. This review found a total of 20 instances of environmental and personal factors acting
as facilitators and a total of 29 instances of environmental and personal factors acting as barriers.
This is reinforced when considering individual studies. Only one study presented more facilitators
than barriers, the remaining nine studies either had more barriers than facilitators or had an equal
number of each.

Although many activities and participation outcomes are being met through eye gaze
assistive technology, in certain cases, contributing environmental and personal factors led to
technology abandonment. For instance, in Study 7, while the participant achieved all her goals
and the participant, her caregivers and the assessment team considered the trial a success, the
barriers encountered lead to rejection of the technology by the participant [10]. These barriers
were both personal (she found the technology tiring) and environmental (need for funding and
concern about access to long term clinical support) [10]. Another instance of rejection occurred in
Study 2. After trialing different computer access methods, the occupational therapist involved in
the study recommended use of an eye gaze system with a modified head rest but the family’s
preference for a handheld solution and the teacher’s concerns about the device's cost and the

potential for damage lead to rejection of the system [37].
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The most prevalent barriers to device uptake and success were factors related to products
and technology as well as personal factors. Almost all studies (n = 9) reported technical issues
associated with the eye gaze assistive technology, primarily calibration issues and sensitivity to
head movements, and most studies (n = 8) also reported negative aspects of the user’s experience
including fatigue, frustration, discomfort and interference caused by secondary health conditions.
Technology issues will most likely lessen or become easier to resolve as eye gaze assistive
technology continues to develop however, these issues will likely never disappear completely.
This highlights the importance of both professional and caregiver support associated with using
the eye gaze system. All family members, teachers and caregivers who interact regularly with the
user should know how to maintain the device and address common technical issues. They should
have access to experienced technical assistance if required. Personal factors will also likely
continue to act as barrier to device uptake and success since every user presents a unigue and
complex ability profile. These challenges cannot be eliminated but their impacts can be mitigated.
Again, this highlights the necessity of professional support to determine comfortable / compatible
seating arrangements and to develop customized user interfaces.

Findings of this systematic review indicated that the environmental factor; services,
systems, and policies, was the most prevalent facilitator of technology success and uptake, with
six instances of positive impact occurring across five studies. This includes professional support
related to health and education, as well as financial assistance. However, six instances from three
studies noted inadequate access to services, systems, and policies as a barrier to device success
and uptake. It is noteworthy that all participants involved in these studies had fairly significant
access to professional support. However, these levels of support are not necessarily indicative of
those that are available to eye gaze system users in the community who are not participating in a

study.
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2.5.5 Recommendations for service delivery

A consistent theme presented across articles was the need for more support from health
care providers. Borgestig et al. explained the ongoing need to train and support caregivers, whose
needs may change as the child develops [35]. Involving and supporting families when
implementing complex AAC interventions is essential for success [42]. In addition, the parent or
caregiver should be trained to appropriately react when issues arise or maintenance updates are
needed for the user’s system. The information (medical and emotional support) presented to the
family/caregivers should be delivered in an appropriate, mindful manner. Furthermore, it is
crucial that funds be made available to aid families who may not be able to afford the cost of an
eye gaze system on their own. Eye gaze devices are not manufactured globally and importing the
system is an additional expense and concern for families in certain parts of the world [12].

Most users experienced personal factors that presented unique challenges and highlighted
specific individual needs. Using Goal Attainment Scaling would create individualized
intervention plans to support the goals and abilities of each user [43]. By creating individualized
plans specific to each child/youth in collaboration with their support and medical teams, there is
an opportunity for enhanced uptake of the eye gaze system. By setting goals relative to personal
and family expectations, outcomes can be more accurately tracked and understood.

Dhas et al. presented goal attainment as a participant learning to type his name using the
eye gaze device [37]. Borgestig et al. also applied goal attainment scaling methodology to assess
goals users set for themselves by utilizing the device at home and/or at school [35]. Eye gaze
assistive technology can be used to achieve a variety of goals in daily life, as well as for
education and recreation, but goals must be suited to the abilities of the user. Examples can range
from simply indicating ‘yes’ or ‘no’ to more advanced applications such as browsing the web and

accessing social media [3].
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2.5.6 Use of the ICF Framework

This review demonstrates the application of ICF domain classification for intervention
evaluation. The aim of utilizing the ICF as a framework is to provide a universal language and
conceptual basis for describing and explaining health and health related states [23]. However,
despite all studies included in this review addressing health and disability related interventions,
none utilized the ICF to measure intervention outcomes. The lack of universal language across
studies indicates inconsistencies in health and disability descriptions. There is a need for
standardization across disciplines and among health care professionals. The implementation of a
common language through the ICF as a standard of practice may improve knowledge transfer
across disciplines and aid intervention development and provision. While there are no outcome
measures that are specific to eye gaze assistive technology, the recently developed AAC TOMs
are aligned with ICF-CY [22]. The outcomes evaluate the areas of impairment, activity,
participation, and well-being, both before and after AAC intervention [22]. Using Goal
Attainment Scaling in conjunction with AAC TOMs would provide the individualized approach
necessary for the heterogeneous population of eye gaze users but also report outcomes in a
standardized format that can be easily interpreted and allows for more direct comparison between

different users and studies.

2.6 Limitations

By conducting a systematic review, researchers are commonly at risk for database bias, source-
selection bias, and publication bias [44]. This review aimed to identify and consider all articles
pertaining to eye gaze assistive technology for children and youth with complex disabilities.
Despite the thorough search strategy, there is no guarantee that all relevant articles were captured.
This review only includes articles published in English before February 2018. Furthermore, the

results of this review were limited by the inclusion criteria. Only children and youth aged 4-21
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who do not use functional speech, generate writing, or use any other typical forms of language,
were considered in this study. However there is evidence of benefits for eye gaze applications in
adults, such as for those with Amyotrophic Lateral Sclerosis [21],[45],[46] and for people who
are can communicate through other conventional means such as individuals with spinal cord
injury [8]. There is also evidence of eye gaze assistive technology being used by infants, as was
the case of the excluded one-year-old participant in Study One by Borgestig et al. [15],[35] which
is further detailed in a case report by Hemmingsson et al. [47]. Additionally, eye gaze assistive
technology use for diagnostic purposes was not included in this review. Due to the limited
number of studies included, the population included may not accurately represent the entirety of
all individuals that use eye gaze assistive technology. As well, each study was at risk for at least
three forms of bias and had a Sackett’s level of evidence of 4. Although this level of evidence
was expected for this research area, it is the second lowest level, yielding low validity / reliability.
The primary outcomes of each study were not explicitly mapped to ICF activities and
participation domain outcomes. As the objectives of each paper varied, it is possible that
outcomes relevant to this review were not reported. Each researcher may have also had existing
bias or opinions influencing mapping outcomes. The method of mapping eye gaze outcomes to
ICF activities and participation domain outcomes has not been established before in the literature

however, other interventions and outcomes have used this mapping method previously [27].

2.7 Conclusion

Communication skill acquisition is a critical outcome for children and youth with
complex communication challenges, as it also creates opportunities for progress in other life
areas. Children and youth have special interaction needs that, if not met, may impede their social,
emotional, educational and creative development, which can further reduce the ability of children

with complex physical disabilities to function in society [40]. It is especially important for
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individuals with disabilities to gain self-determination and continue learning to their greatest
extent [48]. Eye gaze assistive technology has the ability to enhance performance within many
domains related to activities and participation in the daily lives of children and youth with
complex disabilities. In this review, eye gaze assistive technology was able to enhance
functioning in six of the nine ICF activities and participation domains, with communication
outcomes being the most prevalent and co-occurring with all other activities and participation
domains outcomes.

Additionally, the population of eye gaze assistive technology users is a heterogeneous
group even amongst users with the same primary health condition. Each individual user has a
unique and often complicated ability profile and consequently a one size fits all approach to eye
gaze assistive technology systems will not work. The initial challenge of assessing the ability of
the child to operate an eye tracker is only the first step in a long journey to establish robust
communication and education related outcomes. This requires a substantial collaborative effort
from health professionals, occupational therapists, teachers, caregivers and family members.

Despite the benefits of using eye tracking assistive technology, the effects of
environmental and personal factors may lead to technology rejection or abandonment. Most
notably, products and technology issues and personal factors were found to be barriers to device
uptake and success in the clear majority of studies. The most effective way to mitigate these
impacts is through support provided by professionals such as occupational therapists, speech
language pathologists, teachers and product experts, which proved to be the most prevalent
facilitator of device uptake and success. While professional support is essential for success using
eye gaze assistive technology, ongoing commitment and support of both family members and
caregivers is also required. Recommendations for future work include the utilization of Goal

Attainment Scaling and AAC TOMs in eye tracking research and the adoption of ICF
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nomenclature and ideology when presenting disability related research to promote standardization
across disciplines and promote knowledge transfer.
The findings of this systematic review inform all subsequent chapters. The upcoming

chapter addresses the issue of prohibitive cost through a reliability study of a low cost eye tracker.
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Chapter 3

Reliability Study of Low Cost Eye Tracker

3.1 Overview

High cost has been noted as a prohibitive factor impeding access to eye gaze assistive
technology for children with disabilities. The high cost associated with this technology impacts
the families who may consider purchasing the technology as well as the clinician’s ability to trial
the technology with their clients before recommending purchase. However, in October 2016
Tobii began selling a low cost eye-tracker for gaming to the general population. Once we
identified this technology, we sought to assess this low cost Tobii 4C eye tracker for its suitability
in assistive technology applications. This eye tracker is not part of the Tobii Dynavox assistive
technology product line. Instead, it is part of the Tobii gaming product line and is meant to be
used to as an added control feature for computer games. To use the Tobii 4C as an assistive
device, children can use the eye tracker to perform a series of screen based point and click tasks.
A test — retest reliability study (which sought to establish repeatable interactions at different time
periods, throughout the day and over days) was conducted to determine suitability of the Tobii 4C
eye tracker for this application. This reliability study considers only the recorded movement time

between targets displayed on a computer screen.

3.2 Methods

This study was conducted at the Human Mobility Research Center in Kingston, Ontario,
over a period of four months. Participants completed a series of point and click tasks under
varying conditions designed to assess different parameters of performance. When evaluating
computer access methods, movement time is a key parameter for assessment. Fitts’s law (defined

in Equation 1) is a model of human movement that predicts the movement time (MT) to a target
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as a function of the ratio between distance to the target (A) and width of the target (W) [49]. This
ratio is quantified by the index of difficulty of the task. The variables a and b are empirically
determined constants that are specific to the input device used [49]. The constant a is the intercept
of the regression line on movement time data and represents a time constant (such as clicking a

button). The constant b is the slope of the regression line.
MT=a+blog(:+1) (Equation 1)

The mean movement time for each task condition was compared across sessions using a
one-way repeated measures analysis of variance (ANOVA). The repeated measures one-way
ANOVA is an extension of the paired sample t-test used to determine differences when there are
three or more groups [50]. Proportional bias was assessed using linear regression to identify

correlation of the mean between sessions and the difference among sessions.

3.2.1 Participants
Adults aged 18-25 were eligible to participate in this study. Participants (n = 7) were

recruited locally in Kingston, Ontario via emails and flyers. All participants were adults with no
physical or cognitive impairments with a mean age of 20.3 years and a standard deviation of 0.8
years.

Ethics clearance was granted by Queen’s University General Research Ethic Board.
Verbal and written consent was obtained from each participant. A short health form was also
completed for each participant. The short health form, consent forms, and the ethics clearance

letter can be found in the Appendices A-C.

3.2.2 Apparatus

The participants completed point and click tasks using a Tobii 4C eye tracker at a
sampling frequency of 90 Hz. The tasks were performed on a 27 Dell P2717H monitor with a

screen resolution of 1920 x 1080 pixels. The screen was positioned at eye level and adjusted to
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the participants’ comfort. The Tobii 4C eye tracker (depicted in Figure 2) was mounted to the
bottom of the screen via a magnetic strip. Participants were seated in a comfortable chair with
fixed legs (no wheels). Computer settings were modified via Gaze Point (Tobii Dynavox
Software) so that the eye tracker was setup to control the mouse cursor. A “click” was initiated by
dwelling on a target for a predefined period of time. Tasks were run using custom software
through which eye movements were tracked and recorded as cursor movements in the software

environment.
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Figure 2: Tobii 4C eye tracker

3.2.2.1 Tobii 4C eye tracker

Typical eye gaze assistive technology systems include the eye tracker, computer,
monitor, and software. The Tobii 4C is a standalone eye tracker that plugs into the USB port of a
computer and can be mounted via magnetic strip to any connected monitor. The primary reason
for the low cost of the Tobii 4C eye tracker is the lack of accompanying equipment. The main
advantage of the Tobii 4C is flexibility of use, since the eye tracker can easily be setup in
different locations and on different computers. However, the main disadvantages of the Tobii 4C
are the need for a suitable computer and monitor, and challenges with specialized setup — for
instance attaching the system to a wheel chair. This makes the Tobii 4C eye tracker better suited

for short term testing or limited use than a permanently integrated AAC solution.
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AAC software, that can be used with other eye trackers for instance Communicator 5
(available from Tobii Dynavox) can also be used with the Tobii 4C at additional cost. Any
software or application that can be operated using only mouse input can also be navigated using
the Tobii 4C eye tracker. Additionally, the Windows 10 standard operating system accessibility
features have recently been updated to include eye control. This update was targeted specifically
towards the Tobii 4C eye tracker and modifies the Windows 10 environment to support ease of
navigation using eye input on any computer.

The Tobii 4C calibration is a fixed process. Calibration points (small dots) are displayed
on the screen and the user stares at the dots until the dots explode (approximately one second
each). The user’s calibration is then saved for reuse indefinitely. There are seven calibration
points and their locations are mapped in Figure 3. These calibration points cannot be modified, a
potential issue for individuals with visual impairments. It is still possible for a user who cannot
calibrate the system to use the Tobii 4C eye tracker using someone else’s calibration profiles,

however, this will reduce the accuracy.

Figure 3: Locations of calibration points on device screen
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For the purposes of this study and in many eye gaze assistive technology applications, a
click is initiated by dwelling on a target. The dwell time setting can be modified from 200ms to
1800ms using Gaze Point. The Tobii 4C eye tracker also includes a gaze trace function, which is
also known as the bubble feature. When gaze trace is turned on, the user receives constant visual
feedback as their gaze is tracked around the screen, in the form of a transparent bubble depicted
in Figure 4. If the eye tracker is replacing the computer mouse, the bubble also tracks the cursor
position. It is possible to turn the mouse cursor on or off. For this study the mouse cursor was

turned off (not displayed).

Gaze Locatinn. .
I () I

-’

Figure 4: Gaze trace bubble

3.2.3 Procedure

The eye tracker was calibrated for each participant. Participants then performed a series
of point and click tasks using the eye tracker. Two different tasks were evaluated: Multi-
Directional Tap and Screen Coverage. These tasks were designed to evaluate user performance
for different target sizes and distances between targets (varying indices of difficulty or IDs). The

participants performed the same series of tasks at three different testing sessions over a period of
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two days. Each participant underwent two testing sessions the first day (morning and afternoon)
and one testing session on the second day. The majority of participants completed the third testing
session within 30 hours of the first session, however one participant completed the third session
two weeks after the first session. Participants completed the Multi-Directional Tap task and the
Screen Coverage Task twice at each session, once with an 825ms dwell time and once with either
a 425ms or 1100ms dwell time. For each participant, mean movement time was recorded for the
tasks (under each condition) and compared across all three sessions. The parameter of movement

time was used to establish test - retest reliability.

3.2.3.1 Multi-Directional Tap task

This task was developed in Java as a graphical user interface, in accordance with 1SO
9241-411:2012: Ergonomics of human system interaction — evaluation methods for the design of
physical input devices. It follows the specifications in B.6.2.2 Multi-Directional tapping test. This
makes it is possible to compare eye tracker performance to other input devices if desired. In this
task the subject is required to move the cursor across a circle to sequentially numbered targets
that are equally spaced around the circumference of the circle [51]. These targets are typically
circles or squares. For our custom designed task circular targets were used but they contained
images to make the task more engaging for younger children. For instance, the target to be

clicked would be shown as a happy face, donut, basketball or other similar image.
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Figure 5: Multi-Directional Tap task — small targets

For this task, we assessed performance with various different target sizes and a constant
distance of 710 pixels between targets (layout circumference). It was essential that the targets be
large enough for the youngest users to click without difficulty. The largest target size had a
diameter of 350 pixels with an ID of 1.6. This corresponds to the largest target size possible while
maintaining a reasonable number of targets on the screen. The task consisted of three rounds of
ten targets each (small, medium, and large). The order of the rounds was random. Five targets
were presented on the screen and for each round the participant would click the targets around the
circle twice for a total of 10 targets.

e Large targets: 350 pixels, ID of 1.6.
¢ Medium targets: 216 pixels, ID of 2.1

e Small targets: 140 pixels, ID of 2.6

3.2.3.2 Screen Coverage task

The Screen Coverage task was developed in Java as a graphical user interface. This task
was custom designed to test the participants’ ability to interact with the different areas of the
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screen. This task modifies the distance between targets and considers different areas of the screen
separately because a user with motor impairment may or may not be able to make the head
movements required to effectively control the eye tracker when looking at different portions of
the screen. It is also possible that the user’s head may be in a nontraditional position which may
impede the ability of the eye tracker to effectively monitor their gaze. This task was designed to
evaluate the area of the screen that was best targeted. It can also be used to assess the user’s
abilities as well as analyze the eye trackers capabilities at the limits of its functional range.
Additionally, this task can be used to support development of a customized user interface where
the layout is modified to suit the control abilities of the user. Modifications may include
positioning interactive items in the areas of the screen the user can control well and non-

interactive items in the areas of the screen they cannot.

Figure 6: Screen Coverage task — extreme distance

For this task only medium sized targets were used (216 pixels) and the targets alternated

between the center of the screen and the four corners. The first target is presented in the center,
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second target is in a random corner, third target in the center, the fourth target in a different
random corner, and so forth. It was important for the user to return to the center target to prevent
them from modifying their body positions and fixating on the corners of the screen. The task
consisted of two rounds of 15 targets. Each round the corner targets were presented at varying
distances from the center.

e Moderate distance: layout circumference 1200 pixels

e Extreme distance: layout circumference 1835 pixels

For the purposes of analysis with typically developed participants the screen was

considered in three sections; center, upper and lower as depicted in Figure 7. The performance
indicators of movement time and percent error were compared on this basis as well as distances
between targets. However, for users with physical impairments it is especially important to
consider their positioning and comfort interacting with the screen. The screen should be sectioned

in a way that supports analysis of potentially challenging areas for the individual user.

Upper

@

Lower

Figure 7: Layout of screen sections under consideration

3.3 Results

A one-way repeated measures ANOVA was conducted to determine whether there was a

statistically significant difference in mean movement time for each task condition across sessions.
47



Data presented include mean * standard deviation unless otherwise stated. Results for each
session were, (i) session one 1022.59 +2.06 ms, (ii) session two 1022.87 + 2.03 ms, and session
three 1022.44 £1.50 ms.

There were no extreme outliers and the data was normally distributed at each session, as
assessed by boxplot and Shapiro-Wilk test (p > .05), respectively. The assumption of sphericity
was met, as assessed by Mauchly's test of sphericity, ¥? (2) = .061, p = .970. Testing at different
times did not elicit statistically significant changes in mean movement time across the three
sessions.

Next, the data sets from each session were assessed for proportional bias. Proportional
bias indicates that values recorded at one session are higher (or lower) than those from the other
sessions by an amount that is proportional to the level of the measured variable [53]. A linear
regression analysis for each pair of sessions identified the correlation of the mean between
sessions and the difference among sessions. The coefficient for the mean between sessions was
not statistically significant for any pair, indicating no proportional bias, with sessions one and
two: p value = .960, sessions one and three: p =.191, and sessions two and three: p =.208.

It was not possible to assess the indices of reliability using the intraclass correlation
coefficient because of the restricted range of between subject variability. This indicates that while
the Tobii 4C eye tracker can be considered reliable for the purposes of computer interaction it is

not sensitive enough to analyze saccadic eye movements for research purposes.

3.4 Discussion

The goals of the Tobii 4C eye tracker reliability study were to establish the utility of the
low cost eye tracker for assistive technology applications and to establish its reliability as a data
collection device. To be effective as an AAC device the eye tracker must enable the user to

complete screen based point and click tasks. The two tasks used for this reliability study, Multi-
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Directional Tap and Screen Coverage, assessed the user’s ability to execute screen-based point
and click tasks under varying test conditions. Every participant was able to the complete the point
and click tasks under all test conditions which established the capability of the Tobii 4C to
function in assistive technology applications.

The reliability of the Tobii 4C as a data collection device was established by the results of
the test — retest repeatability analysis of the user performance parameter, movement time. To
establish repeatability of measurement throughout the day and across different days each
participant completed three testing sessions, over two different days. The results of the one-way
repeated measures ANOVA indicated there were no significant differences in movement time
across sessions for each task condition. The follow up linear regressions demonstrated acceptable
levels of repeatability and no proportional bias between pairs of sessions. This demonstrates that
the Tobii 4C eye tracker has both functionality and sufficient test — retest reliability to be used as
an assistive device. The following chapter will discuss an eye gaze assistive technology usability

study with typically developing children and youths.
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Chapter 4
Usability Study of Eye Gaze Technology Used to Execute Point and

Click Tasks with Typically Developing Children and Youth

4.1 Overview

This chapter details the testing procedure, analyses and discussion of results from an eye
gaze technology usability study with typically developing child/youth participants. The objectives
of this study were to quantify the different technical factors impacting user performance and to
quantify the contributions of various factors contributing to user perceived workload using the
NASA Task Load Index. These objectives were determined based on the results of the systematic
review which indicated that technical issues as well as personal factors (fatigue and frustration)
were the most significant barriers impeding eye gaze assistive technology uptake and success.
This study evaluated performance using the low cost Tobii 4C eye tracker to execute screen based
computer tasks, which is an essential function for AAC applications. Performance was quantified
as movement time and percent error. The technical factors of interest were dwell time, target size,
distance between targets, and location of the target on the screen. The results of this study were

used to inform the design of the eye gaze assistive technology evaluation framework.

4.2 Methods

This study was conducted at the Human Mobility Research Center in Kingston, Ontario,
over a period of four months. Participants completed a series of point and click tasks with varying
conditions designed to assess different parameters of performance. Fitts’s law dictates that
movement time will increase with ID. Trials with varying 1Ds were tested by modifying the sizes
and locations of targets. Performance was quantified by the parameters of movement time and
percent error.
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A three-way ANOVA was conducted to examine the effects of dwell time, target size and
participant age on movement time, and to determine if an interaction effect exists among the
independent variables. Differences in percent error between tasks were compared using a paired
sample t-test. To understand the relative effects of participant age, dwell time, and 1D on percent
error, multiple regression analyses were completed for each task. Results from the NASA TLX
were analyzed using a one-way repeated measures ANOVA comparing the various workload

factors.

4.2.1 Participants
Children aged 4-18 years were eligible to participate in this study. Participants (n = 42)

were recruited locally in Kingston, Ontario via emails and flyers. All participants were typically
developing children with no physical or cognitive impairments. There were 19 female
participants and 23 male participants with a mean age of 11.3 years and a standard deviation of

3.5 years. The age distribution of participants can be seen in Figure 8.
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Figure 8: Age distribution of participants
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Ethics clearance was granted by Queen’s University General Research Ethic Board.
Verbal and written assent was obtained from participants and written consent was obtained from
parents/guardians and a short health form was completed for each participant. The short health
form, consent form, assent form, and the ethics clearance letter can be found in the Appendices

A-C.

4.2.2 Apparatus

The participants completed point and click tasks using a Tobii 4C eye tracker at a
sampling frequency of 90 Hz. The tasks were performed on a 27” Dell P2717H monitor with a
screen resolution of 1920 x 1080 pixels. The screen was positioned at eye level and adjusted to
the participants’ comfort. The Tobii 4C eye tracker was mounted to the bottom of the screen via a
magnetic strip. Participants were seated in a comfortable chair with fixed legs (no wheels).
Computer settings were modified via Gaze Point (Tobii Dynavox Software) so that the eye
tracker was setup to control the mouse cursor. A “click” was initiated by dwelling on a target for
a predefined period of time. The tasks were run using custom software where eye movements
were tracked and recorded as cursor movements in the software environment. Each participant

completed one testing session which typically lasted from 30 minutes to one hour.

4.2.3 Procedure

The eye tracker was calibrated for each participant. Participants then performed a series
of point and click tasks using the eye tracker. This study utilized the same custom designed tasks,
Multi-Directional Tap and Screen Coverage, that were used during the eye tracker reliability
study and are described in detail in Chapter 3. These tasks were designed to evaluate user
performance for different target sizes and distances between targets (varying IDs). Participants
completed the Multi-Directional Tap task and the Screen Coverage task twice, once with an

825ms dwell time and once with either a 425ms or 1100ms dwell time. The total time for the
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experimental procedure was 30 minutes to one hour depending on the age of the participant. This
was considered to be a reasonable experiment length that younger participants could complete
without becoming overly tired, bored or frustrated. Upon completion of the testing, perceived
workload of eye tracker use to complete the tasks was measured using the NASA Task Load

Index

4.2.3.1 NASA Task Load Index

After completion of the tasks, a workload assessment was performed using the NASA
TLX (TLX). The NASA TLX generates an overall workload score using a weighted average of
six subscales: (i) mental demands, (ii) physical demands, (iii) temporal demands, (iv)
performance, (v) effort, and (vi) frustration [54]. The NASA TLX workload assessment is a two-
step process, beginning with pairwise comparisons of the different subscales/factors, and
followed by raw workload rating for each subscale/factor. First, the degree to which these six
factors contribute to the participant’s perceived workload is measured by their responses to
pairwise comparisons of the six factors i.e. choosing one factor over another as more important
[54]. Next, participant’s assign a raw score rating for each factor on a scale of 0-100. The raw
scores for each factor are weighted based on the tallied comparison ratings and averaged to give
an overall workload score [54].

Since this study utilized child participants it was necessary to simplify the NASA TLX
for use with children. Modifications to the NASA TLX process followed the methodology
presented by Laurie-Rose et al. for using the NASA-TLX to measure perceived mental workload
in children [55]. The instructions and definitions were simplified and the comparison cards were
filled out based on guiding questions from researchers. Additionally the workload rating sheet

was modified to include image descriptors at the ends of the scales as depicted in Figure 9.
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In recent years it has become common practice for researchers to eliminate the weighted
procedure and use only the raw scores when using the NASA TLX [56]. When it was too difficult
for the participant to complete the pairwise comparisons or when time was restricted, only the

raw score ratings of each workload factor were recorded.
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Figure 9: NASA TLX - modified scale

4.3 Results

Participant performance was quantified by the parameters of movement time and percent
error. Data for these parameters was extracted from the overall time on task data set. Time on task
was defined as the time from when the target appears until the dwell function of a successful click
is initiated. Movement time was defined as time on task for successful trials only. A trial with
erroneous clicks or significant time required to click the target was considered unsuccessful.
Outliers of the time on task data set (1.5 box lengths from the edge of the box in a boxplot) were
classified as unsuccessful trials and removed from the time on task data set. The remaining data
formed the movement time data set. The outliers that were removed from the time on task data set
were considered error trials and used to calculate percent error. The technical factors considered
were dwell time, target size, distance between targets, and location of the target on the screen.
When analyzing eye tracker performance using these parameters, performance is maximized
when both movement time and percent error are minimized. However, for assistive technology

applications it is more important to minimize the error than to minimize movement time.
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4.3.1 Qualitative observations

While a successful calibration was achieved for all participants, there were some
participants for whom calibration was a challenge. Participants with calibration issues were
mostly in the 4-6 year age group. However, there were also two twelve year olds that required
multiple calibration attempts. Calibration failures occurred when the participant did not
successfully activate one or more of the calibration points. When calibration failed, the
participant’s position and the monitor position were adjusted. However, these manual fixes were
often ineffective and the calibration failures seemed to occur as a result of lack of focus on behalf
of the participant. The most effective way to overcome this issue was for a researcher or parent to
physically point to the calibration point and provide verbal encouragement to the participant.
When these issues occurred it was always with the corner activation points. It is possible that
people with chronic calibration challenges may benefit from using a smaller screen where the
corner activation points are less difficult to access.

Additionally, some participants had difficulty understanding how to control the eye
tracker. The participants who struggled were typically in the 4-6 year age group however there
were also some older participants (aged 11 -12 years) who struggled. If participants did not fixate
on a point, a ‘dwell” was not initiated and the participant would not receive any visual feedback
or as soon as they did initiate a ‘dwell’ their focus would shift before a click was executed. It was
also observed that these participants appeared to have more difficulty maintaining focus to select
targets with longer dwell times and seemed to perform best with the shortest dwell time (425ms).
However, if the bubble feature was turned on (providing the participant with constant visual
feedback of gaze position) a dramatic improvement in performance was observed. Occasionally
the researcher or parent would have to physically point at the target before the participant was
able to select it. From these observations, it appears that younger participants are physically able

to control the eye tracker but that lack of focus and comprehension hindered their success.
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4.3.2 Movement time

The first parameter analyzed was movement time. Movement time was analyzed

separately for each task, Multi-Directional Tap and Screen Coverage.

4.3.2.1 Multi-Directional Tap task

The factors considered when analyzing movement time for the Multi-Directional Tap
task were dwell time, size of target and participant age. To analyze age participants were sorted
into three age groups, kids aged 4 — 10 years (n = 13), preteens aged 11 — 13 years (n = 18), and
teenagers aged 15-17 years (n = 11). These age groups were defined to ensure that comparable
numbers of participants were sorted into each age group.

A three-way ANOVA was conducted to examine the effects of dwell time, target size and
age group on movement time between targets for children using the Tobii 4C eye tracker to
complete screen based point and click tasks. Outliers were assessed by inspection of a boxplot,
normality was assessed using Q-Q plots and calculating the z scores for skewness and kurtosis for
each cell of the design and homogeneity of variances was assessed by Levene's test.

Most groups had no extreme outliers, data was sufficiently normally distributed for each
group. There was not homogeneity of variances (p = .003). According to Jaccard et al., if the
normality assumption is met, group sample sizes are equal or approximately equal and large, and
the ratio of the largest group variance to the smallest group variance is less than 3, the three-way
ANOVA somewhat robust to heterogeneity of variance in these circumstances [57][58]. With a
three-way ANOVA, the interaction effect between dwell time and target size was not statistically
significant, F (8,1828) = 1.411, p = .187. There was a significant effect of dwell time, p <.05.

Since the assumption of homogeneity of variance was violated and there were some

differences in group size, the dwell time effect was analyzed separately using a modified version
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of the standard one-way ANOVA, the robust one-way Welch ANOVA, with subsequent post hoc
testing.

A one-way ANOVA was conducted to examine the effects of dwell time on movement
time between targets for children using the Tobii 4C eye tracker. Trials with 425ms dwell time (n
= 369), trials with 825ms dwell time (n = 917), and trials with 1100ms dwell time (n = 569).
There were no extreme outliers, as assessed by boxplot; data was normally distributed as assessed
by visual inspection of Q-Q plots and calculation of the z scores for skewness and kurtosis for
each group. There was heterogeneity of variances, by Levene’s test of homogeneity of variances
(p = .004). Movement time was significantly different between the different dwell times, Welch’s
F (2,937.947) = 3.816, p = .022. Movement times increased from 1100ms dwell time group
(1022.13 + 11.49) to the 425ms dwell time group (1024.05 + 10.27). Games Howell post hoc
analysis revealed that the increase from 1100ms dwell time group to the 425ms dwell time group
(1.92, 95% CI (.23 to 3.61)) was statistically significant (p = .021). Movement times increased
from 1100ms dwell time group (10.22.13 * 11.49) to the 825ms dwell time group (1023.36 +
10.73). Games Howell post hoc analysis revealed that the increase from 1100ms dwell time group
to the 825ms dwell time group (1.23, 90% CI (0.00 to 2.46)) was statistically significant (p =

.100).

4.3.2.2 Screen Coverage task

The Screen Coverage task was designed to analyze the ability of participants to interact
with different areas of the screen. The results from the analysis of the Multi-Directional Tap task
indicated that dwell time had a statistically significant effect on movement time so the results of
the Screen Cover task were analyzed only at the 825ms dwell time to eliminate dwell time

effects.
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A two-way ANOVA was conducted to examine the effects of target location and distance
between targets, on movement time for children using the Tobii 4C eye tracker. Data are mean +
standard error, unless otherwise stated. Outliers were assessed by inspection of a boxplot,
normality was assessed using Q-Q plots and calculating the z scores for skewness and kurtosis for
each cell of the design and homogeneity of variances was assessed by Levene's test. There were
no extreme outliers, data was sufficiently normally distributed and there was homogeneity of
variances (p = .232).

The interaction effect between target location and distance between targets was not
statistically significant, F (2, 902) = .248, p = .780, partial n? = .001. The main effects of target
location and distance between targets were not statistically significant, p = .814 and p = .242

respectively.

4.3.3 Percent error

When comparing the tasks Multi-Directional Tap and Screen Coverage, percent error was
calculated as the number of unsuccessful trials divided by the total number of trials in the task.
For the multiple regression analysis percent error was calculated as number of error trials with

common parameters divided by the total number of trials in the task with those parameters.

4.3.3.1 Comparing tasks

Analyzing the difference in percent error between the two tasks provides insight into the
relative difficulties of each task. Multi-Directional Tap was designed to analyze performance at
various different target sizes while Screen Coverage was designed to analyze user interactions
with different areas of the screen. Difference in percent error was analyzed for n = 39 participants
who completed both tasks with the eye tracker set at 825ms dwell times.

A paired sample t-test was used to determine whether there was a statistically significant

mean difference between percent error of participants during the Multi-Directional Tap Task
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compared to the Screen Coverage task. Data are mean + standard deviation unless otherwise
stated. No outliers were detected that were more than 1.5 box lengths from the edge of the box in
a boxplot. The assumption of normality was not violated as assessed by Shapiro-Wilk’s test (p =
.407) and confirmed through visual inspection of a Q-Q plot. Participants performed better (lower
percent error) during the Multi-Directional Tap task (16.1 + 14.3%) as compared to the Screen
Coverage task (22.3 + 16.7%). A statistically significant decrease was observed of -6.3% (95%
Cl, -9.510 -3.0) %, t (38) = -3.864, p<.0005, d = .62. These results are depicted graphically in

Figure 10.
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Figure 10: Difference in percent error between tasks (with error bars)
These results indicate that participants were better at selecting targets of varying sizes
than selecting targets at varying locations. Cohen’s value (d = .62) also indicates a medium to

large effect size [59],[60].
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4.3.3.2 Multi-Directional Tap task

Percent error from age, dwell time, and target size was predicted through multiple
regression. There was linearity as assessed by partial regression plots and a plot of studentized
residuals against the predicted values. There was independence of residuals, as assessed by a
Durbin-Watson statistic of 1.30 and homoscedasticity, as assessed by visual inspection of a plot
of studentized residuals versus unstandardized predicted values. There was no evidence of
multicollinearity, as assessed by tolerance values greater than 0.1. There were no studentized
deleted residuals greater than +3 standard deviations, no leverage values greater than 0.2, and
values for Cook'’s distance above 1. The assumption of normality was met, as assessed by a Q-Q
Plot. The multiple regression model statistically significantly predicted percent error F (3, 239) =
17.845, p < .0005, adj. R? = .183. All three variables added statistically significantly to the

prediction, p < .05. Regression coefficients and standard errors can be found in Table 4.

Table 4: Multi-Directional Tap -summary of multiple regression analysis

Variable B SEs B
Intercept 11.365 7.531
Age -1.952 .309 -372
Dwell Time .014 .005 .180
Target Size 7.951 2.688 A73
B = unstandardized regression coefficient; SEgs = standard error of the
coefficient; § = standardized coefficient

4.3.3.3 Screen Coverage task

The multiple regression showed linearity through partial regression plots and a plot of
studentized residuals against the predicted values of percent error from age, dwell time, and target
distance. A Durbin-Watson statistic of 1.53 showed independence of residuals and
homoscedasticity was assessed by visual inspection of a plot of studentized residuals versus
unstandardized predicted values. No evidence of multicollinearity existed, as assessed by

tolerance values greater than 0.1. There were no studentized deleted residuals greater than +3
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standard deviations, no leverage values greater than 0.2, and the values for Cook's were all below
1. The assumption of normality was met, as assessed by a Q-Q Plot. The multiple regression
model statistically significantly predicted percent error F (3, 152) = 21.883, p < .0005, adj. R? =
.302. All three variables added statistically significantly to the prediction, p < .05. Regression

coefficients and standard errors can be found in Table 5.

Table 5: Screen Coverage - summary of multiple regression analysis

Variable B SEg B
Intercept 14.033 13.128
Age -2.808 .368 -.525
Dwell Time .016 .006 196
Target 12.002 5.448 149
Distance
B = unstandardized regression coefficient; SEs = standard error of the
coefficient; § = standardized coefficient

4.3.4 NASA TLX
Upon completion of the tasks, 41 participants completed the NASA TLX workload

assessment. One six-year-old participant who was frustrated after struggling to complete the
tasks, did not complete the workload assessment. Data are mean + standard deviation, unless
otherwise stated. Most participants completed the full NASA TLX procedure (n =25) however
when participants were very young or time did not permit they completed only the raw scores for
each factor (n = 16). Results from the complete NASA TLX assessment indicated a workload
score of 35.2 £ 19.67 out of a possible score of 100. Raw ratings (taken on a scale from 0-100)
for all participants for each of the six workload factors were; (i) mental demand 28.05 + 25.44;
(ii) physical demand 36.95 * 29.89; (iii) temporal demand 28.29 + 26.42; (iv) performance 27.29
+ 25.30; (V) effort 34.63 + 30.24; (vi) frustration 25.61 + 28.20. There was significant variability

in raw scores, even when separated by age group as summarized in Table 6.
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Table 6: NASA TLX workload factor raw scores by age group

Group

Mental Demand
mean st.dev

Physical Demand
mean st.dev

Temporal Demand
mean st.dev

mean

Performance
st.dev

Effort
mean st.dev

Frustration
mean st.dev

Overall

28.05 2544 | 36.95 29.89

28.29 26.42

27.29

25.3

34.63  30.24

25.61 282

Kids

3115 26.94 | 43.85 41.14

3192 33.14

18.38

19.47

30.38 35.15

26.54 35.85

Preteen

27.94 27.67 | 39.41 23.04

2441 21.20

32.35

28.46

4235 32.22

26.76  24.87

Teenager,

2455 21.62 | 25.00 21.56

30.00 26.65

30.00

25.59

27.73 18.35

2273 2524

To address this variability, the raw scores of the workload factors for each participant

were converted to relative rankings. An example of this conversion for one participant is shown

in Table 7.

Table 7: NASA TLX - workload factors raw scores to ranking conversion

Workload Factor Raw Score Ranking
Mental Demand 50 4
Physical Demand 100 1
Temporal Demand 100 1
Performance 30 5
Effort 100 1
Frustration 5 6

Rankings for all participants for each for each of the six factors were; (i) mental demand

3.341 + .243; (ii) physical demand 2.415 + .215, (iii) temporal demand 3.341 + .283; (iv)

performance 3.293 £ .284; (v) effort 2.756 + .206; (vi) frustration 3.561 + .307.

For the rankings, there were no outliers and the data was normally distributed, as assessed

by boxplot and by visual inspection of Q-Q plots and calculating the z scores for skewness and

kurtosis for each group, respectively. The assumption of sphericity was not violated (Mauchly's

test of sphericity, ¥? (14) = 16.843, p = .266). A one-way repeated measures ANOVA was
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conducted to determine whether there were statistically significant differences in workload scores
(rankings) between the six factors. Values are mean + standard deviation, unless otherwise stated.
The ANOVA showed different workload factors had statistically significant workload
scores/rankings, F (5, 200) = 2.493, p = .032. Planned complex contrasts (with Bonferroni
adjustment) showed that there was a statistically significant increase in workload ranking
(decrease on the 1-5 scale used) from the physical demand factor (2.415 + 0.215) to the average
of all other factors, a mean difference of -.844 (95% ClI, -1.427 to 0.261), p = .004. Additionally,
there was not a statistically significant change in workload ranking from the frustration factor
(3.561 + .307) to the average of all other factors, a mean difference of .532 (95% ClI, -.306 to

1.369), p = .294.

4.4 Discussion

Fitts’s law dictates that movement time increases with the ID of the task. However,
results from Multi-Directional Tap indicated that target size did not have an impact on movement
time and results from Screen Coverage indicated that distance between targets did not have an
impact on movement time. These results further fuel the debate in the literature as to whether or
not the Fitts’s law model is appropriate for eye interaction [61]. The only factor affecting
movement time was the dwell time setting. The dwell time condition of 1100ms had statistically
significantly lower mean movement times compared to the 425ms dwell time condition with 95%
confidence intervals. Based on qualitative observation it appears that with the low dwell time
condition of 425ms the click occurred faster than participants were expecting resulting in a delay
in moving to the next targets. Although these results were statistically significant they were not
practically significant as the user of eye gaze assistive technology would likely not perceive

differences in movement time of only a few milliseconds.

63



A study by Vertegaal found that eye tracking with dwell time click had the fastest
movement time of all input mechanisms tested including a standard computer mouse [61].
Vertegaal’s study reported a mean movement time of 450ms for eye tracking with dwell time
click, for adult participants who were screened based on the accuracy of the eye tracker
calibration [61]. The movement times recorded in this study were much higher than in
Vertegaal’s, with means greater than 1020ms regardless of task and test conditions. Similarly, the
movement times observed in the repeatability study which used adult participants were also
greater than 1020ms indicating that participant age does not account for this difference. It is likely
that this discrepancy can be attributed to the sensitivity of the eye tracker, since it affects the
capability of the eye tracker to recognize a user initiated dwell. Eye movements are very fast and
the participants moved their gaze to the target quickly but much of the recorded movement time
was actually the time it took for the participants to fixate on the target and trigger a dwell.
Vertegaal used a Rev.ll LC Technologies research grade eye tracker whereas as the low cost
Tobii 4C eye tracker is an add-on gaming device which is of lower quality and less sensitive.

Furthermore, eye tracking input is highly impacted by the “Midas Touch” effect, wherein
users inadvertently click wherever they happen to be looking on the screen. Vertegaal reported an
unacceptable mean error rate of 42.9% [61]. This study reported mean percent error of 15.45%
and 21.03% for the tasks, Multi-Directional Tap and Screen Coverage respectively. The Midas
Touch effect may have been exacerbated by the sensitivity of the eye tracker. While the results
from this study and Vertegaal’s cannot be directly compared due to differences in test conditions,
the comparison between the two studies indicates that sensitivity of the eye tracker may have an
opposite impact on the two parameters of performance, movement time and error. The eye tracker
with lower sensitivity used in this study resulted in increased movement times along with lower
error rates. The observed movement times for the trials in this study are high and would be

considered laborious compared to using a standard computer mouse. However, for users of eye
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gaze assistive technology alternative means of computer access may not be possible and a
different approach should be taken to analyze movement time and errors.

A longitudinal study by Borgestig et al. analyzed eye gaze performance for children with
severe physical impairment, using the parameters of time on task and accuracy [15]. Time on task
was defined as the required time from when a target is presented until the target is selected
(including the 1000ms dwell time). Accuracy was classified as a percentage based on whether or
not a target was selected in a defined time limit of 30 seconds. Accuracy is representative of
percent error i.e. 70% accuracy would indicate 30% error. In this usability study and Vertegaal’s
study with typically developing participants, trials were considered unsuccessful or error trials, if
there was delay of any kind in clicking the target and these trials were removed from the analysis
of movement time. However, in Borgestig’s study, time on task was analyzed in lieu of
movement time. This means that all trials that were completed by the children within the time
limit were considered successful. This distinction in the definition of success for different
populations is critically important when analyzing eye gaze as an input mechanism. Thus, for
assistive technology applications it is more important to minimize error than to minimize
movement time.

Results of the paired t-test comparing percent error between tasks indicate that it was
easier for participants to navigate changes in target size than changes in target location. This
suggests that it is beneficial to keep tasks focused on the center of the screen. Results from the
multiple linear regressions of percent error from both tasks indicated that all variables were
statistically significant to the model, participant age, dwell time, and target size (for Multi-
Directional Tap), and target distance (for Screen Coverage). Although low R? values for both
models indicate that these models are not well suited to predict percent error, they are useful for
describing the relationship between the predictors and response variable. For both tasks, percent

error decreased with participant age. For both tasks, increases in ID and increases in dwell time
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corresponded to increases in percent error. Longer dwell times can give the user more time to fine
tune their dwell location thus improving their accuracy. However, it also forces the user to focus
for longer periods of time which increases opportunity for error. Further research should be aimed
at selecting appropriate dwell times for different types of tasks and target sizes.

When computing the results for NASA TLX workload scores, only the factors of physical
demand and frustration were considered for detailed analysis (complex contrasts). The systematic
review noted ICF personal factors, most notably fatigue and frustration, as barriers impeding
uptake and success of eye gaze assistive technology. The NASA TLX factor, physical demand,
corresponds with fatigue and frustration is measured directly in NASA TLX. A relatively low
mean overall workload score of 35.2 out of a possible 100 indicated that participants (who were
typically developing) found that the eye tracker was not particularly taxing. Physical demand and
frustration were expected to be the highest ranked workload factors. While physical demand was
the highest ranked workload factor, frustration was the lowest ranked workload factor. There was
an increase in mean workload ranking of physical demand compared to all other factors.
However, there was no change in mean workload ranking of frustration as compared to all other
factors. The result for the frustration factor disagrees with the findings of the systematic review.
While it is likely that the typically developed participants in this study self-reported less
frustration than those described in the systematic review, it is worth noting that researchers
observed at least some level of apparent frustration (at times significant frustration) among the
vast majority of participants. Observations of frustration recorded in the systematic review were
those of parents, caregivers, clinicians, and researchers. This indicates that frustration may be
over reported in literature since it appeared that the participants perceived frustration with less

significance than observers.
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Chapter 5
Applying the Principles of Cognitive Work Analysis to inform the
Interface Design of Augmentative and Alternative Communication

Devices

5.1 Overview

This chapter provides guidance on using the cognitive work analysis (CWA) framework
to analyze the functionality of an AAC device and inform the design of the user interface. The
systematic review identified professional services, systems and policies as the primary facilitator
of eye gaze assistive technology and recommended developing individualized device plans
specific to each child/youth in collaboration with their support and medical teams. This CWA
method generates user interface design recommendation that are specific to individual users’
needs and abilities. It has been developed as a support for clinicians prescribing eye gaze assistive
technology. It utilizes four of the five phases of CWA to guide the design of the user interface.
When applying the CWA methods proposed in this chapter, the various components should be
developed in consultation with device users and subject matter experts in this case clinicians or
similar. These methods are also structured according to the ICF framework to promote knowledge
transfer across disciplines.

AAC devices can be used in a variety of different environments and circumstances. For
the purposes of CWA, it is beneficial to limit the scope to specific environments, i.e. school,
home, office, or any other environment with unique circumstances. To capture the entire work
domain for one individual user, it will be necessary to perform multiple CWAs. In this chapter, an

AAC device that uses eye gaze as the input mechanism, utilized by a child who is nonverbal in a
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classroom environment, is provided as the example. While this analysis has been created for eye

gaze assistive technology its methods can be applied to other forms of AAC.

5.2 Background

People with various intellectual and physical disabilities often have complex
communication needs and may rely on an AAC device. Most AAC devices primarily use the
visual modality and research has shown that understanding of visual-cognitive processing is
critical to designing effective AAC interventions [62]. For AAC devices, it is essential that the
user interface support the required functions of the device within the environment in a way that is
cognitively appropriate for the user.

Cognitive work analysis [63], is a framework for the analysis and design of work in
complex sociotechnical systems [64]. It consists of a five phase iterative analysis focusing
successively on constraints inherent in the work environment [65]. The CWA framework aims to
analyze the work environment and guide the design of technology so that information is presented
to the user in a cognitively appropriate way [65]. It is proposed that the CWA approach be used to
determine the required functionality of the AAC device and to guide the design of the user
interface to support the user executing critical tasks in a way that is appropriate for their cognitive
abilities.

The five phases of the CWA framework are as follows: (i) work domain analysis, (ii) control
task analysis, (iii) strategies analysis, (iv) social organization and cooperation analysis and (v)
worker competencies analysis. The fourth CWA phase, social organization and cooperation
analysis, was not completed at this stage of the project, since this analysis is explicitly focused on
the user of the AAC device. The output of the CWA is not a design for the system interface rather

it is used to develop the information requirements to inform subsequent design activities [64].
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5.3 Work domain analysis

A CWA analysis begins with a detailed analysis of the work domain. The work domain
analysis identifies the underlying functional structure of the work domain and provides a
description of the objects and relationships in the work environment including physical and
intentional constraints required for the system to achieve it’s intended purpose [64],[65]. Work
domain analysis describes the complexities in the environment where physical constraints and

social constraints must be considered in decision making [65].

5.3.1 Methods

Establishing an abstraction hierarchy [66] is the primary tool supporting work domain
analysis. The abstraction hierarchy captures the output of the work domain and has five
information levels; functional purpose, abstract function, generalized function, physical function,
and physical form [64],[68]. For AAC devices the first three levels of the abstraction hierarchy
become the foundation of the CWA.The functional purpose(s) corresponds to the work domain
purpose and may vary depending on the environment the device is used in. Abstract functions
describe how the system is used to satisfy its purpose. Generalized functions are essential
processes that must be completed to achieve the functional purpose. The abstract functions and
generalized functions of the AAC device were mapped to the activities and participation domains
of the World Health Organization’s ICF framework. Abstract functions were mapped to the ICF
activities and participation domains using insights from the systematic review. Following the ICF
structure, the generalized functions were then mapped to the corresponding applicable sub-
classifications under the ICF activities and participation domains.

The fourth level of the abstraction hierarchy, physical functions, relate directly to the
user’s environment. This includes all people and objects in the classroom. For the purposes of this

analysis, physical functions were kept at a high level but can be made as specific as necessary.
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This analysis is specifically targeted at redesign of the user interface and as such only the
device screen was expanded into the final level of abstraction hierarchy, that being physical
forms. For an AAC device physical form relates to all components that make up the device

interface (colors, text, etc.).

5.3.2 Results

The results of the work domain analysis are presented in Figure 11. The functional
purposes of the AAC device were to facilitate communication and facilitate learning. Under ICF
there are nine activities and participation domains. The AAC device used in a classroom context
mapped to four activities and participation domains of ICF which were recorded in the abstraction
hierarchy as abstract functions : (i) learning and applying knowledge, (ii) general tasks and
demands, (iii) communication (iv) community, social and civil life. The transition from abstract
function to generalized function follows the ICF structure. It should be noted that results from the
systematic review in Chapter 2 indicated that eye tracking assistive technology also has the
potential to impact the ICF activities and participation domains of (iv) major life areas and (v)
interpersonal interactions and relationships. However, in the context of the work domain analysis,
the impacts on these two domains were considered more abstract and were not directly actionable
using eye gaze assistive technology. For example, in the context of a work domain analysis if (iv)
major life was considered an abstract function and was subsequently mapped to education as a
generalized function - this would both overlap with the (i) learning and applying knowledge
domain and conflict with the abstraction hierarchy mapping methodology. A similar situation
arose between the domains of (iii) communication and (v) interpersonal interactions and
relationships. As such both (iv) major life areas and (v) interpersonal interactions and

relationships were not included in the abstraction hierarchy.

70



The user interface is captured in level four of the abstraction hierarchy as ‘Device Screen’
and the components of the user interface make up the final level of the abstraction hierarchy,

physical forms.
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Figure 11: Work domain analysis
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5.3.3 Discussion

The work domain analysis serves as the primary tool for understanding the necessary
functions of the AAC device in the classroom and particular care should be taken to extract
critical generalized functions from the ICF framework that are relevant for the user. Generalized
functions map to subdomains of ICF activities and participation domains and within these
subdomains under ICF there are various codes that can be used to represent the daily activities of
the user in the work environment. For instance, if the user was learning literacy, then under the
generalized function ‘basic learning’ and following the ICF structure the activities associated with
‘d132 acquiring language’, ‘d140 learning to read’, and ‘d145 learning to write’ should be
considered especially important. As such, the first three levels of this abstraction hierarchy are the
foundation of the CWA for any AAC technology.

Additionally, the physical function level of the abstraction hierarchy can be expanded to
include specific objects and people in the classroom and will vary based on the abilities of the
user and input mechanism of the device. The physical form level of the abstraction hierarchy may
be expanded as desired. However, since the objective is to inform the interface design, the device
screen is the only item of interest.

In the context of AAC interface design the work domain analysis informs the functions
that the device must support or enable the user to execute. Furthermore, the abstraction hierarchy
is a critical phase of the CWA framework and the generalized functions are analyzed in each

upcoming phase.

5.4 . Control task analysis

The second phase of the CWA framework is control task analysis. The work domain

analysis identified the underlying physical and intentional constraints of the work domain while
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the control task analysis aims to provide an understanding of the actions involved in completing

the activities necessary to achieve the functional purpose.

5.4.1 Methods

The control task analysis is comprised of an activity analysis in decision making terms
using a decision ladder. The decision ladder captures the logical flow of information, processing
activities and resultant knowledge states for a single control task [63],[64]. The decision ladder
activities were extracted from the generalized function level of the abstraction hierarchy. There
are numerous activities that could be analyzed under each generalized function. For instance,
under ‘applying knowledge’ there are many activities that can be analyzed such as ‘d166
reading’, ‘d170 writing’, and ‘d172 calculating’. This process should only be performed for
critical or frequent activities with relevance to the user. The analysis that follows provides one
decision ladder from a generalized function in each of the four ICF activities and participation
domains as an example workflow. These activities are listed and the codes next to each activity
refer to the ICF framework coding.

1. Applying knowledge — d172 Calculating

2. Undertaking a single task— d2103 Undertaking a single task in a group

3. Conversation and use of communication devices and techniques — d3608 Using

communication devices and techniques, other unspecified

4. Recreation and leisure — d9200 Play

5.4.2 Results

The results of the control task analysis are presented in Figure 12 - Figure 15. These
figures were created using THE CWA TOOL software [67]. The decision ladders consist of data
processing activities (represented by boxes) and states of knowledge resulting from data

processing activities (represented by circles). The arrows indicate different pathways that may be
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taken to complete the control task. For all control tasks the AAC device is not engaged until the

second last data processing activity.
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Figure 13: Decision Ladder - d2103 Undertaking a single task in a group (participating in a show and tell discussion)
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5.4.3 Discussion

The decision ladders demonstrate the data processing activities associated with critical
control tasks. For all control tasks considered, critical thinking and problem solving represented
the majority of data processing activities and the user is expected to intake information from the
environment as well as the device screen. Furthermore, while the AAC interface may be
consulted/observed at any time, the user does not interact with the device until the final stages of
the decision ladder — planning of procedure and execute. Extracting the data processing activities
and analyzing the sequence of events, can be used to inform the layout of the user interface and
how the flow of task progression is presented to the user. This is discussed in further detail in the

following section, strategies analysis.

5.5 Strategies analysis

The third phase of the CWA framework is strategies analysis. The purpose is to
investigate different paths that can be taken to complete the control tasks. It is informed by the
decision ladders from phase two. Each of the paths (indicated by the arrows in the decision
ladder) represent different strategies. The strategies analysis provides insight into how these tasks

can be performed.

5.5.1 Methods

The strategies analysis was completed using information flow maps. Information flow
maps are graphical representations of the information processing activities and knowledge state of
particular strategies [64]. Each layer of the information flow map represents a different pathway
to complete the control task in the decision ladder. An information flow map was developed for

the control task ‘d9200 play’, however in a full CWA, all control tasks would be analyzed.

5.5.2 Results
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The results of the strategies analysis are presented in Figure 16. For the control task
*d9200 play’, five different strategies were considered. Users of varying ability may take different
actions to complete the same task. CWA is typically applied for highly complex sociotechnical
systems and often times a ‘shorter’ path indicates an expert strategy. However, in the context of
executing tasks in a classroom using an AAC device in many cases a ‘longer’ path demonstrates
increased levels of critical thinking and problem solving and may more frequently be considered

expert strategies. For the task of ‘d9200 play’ five different strategies were identified.
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Figure 16: Information Flow Map - d9200 Play (online card game)
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5.5.3 Discussion

The information flow maps provide further insight into the data processing strategies that
may be employed by the user of the AAC device. The exact path taken will depend on the skill
and experience of the user who may be novice, intermediate or expert. In a well-designed user
interface it is normally desirable to support users of all skill levels, however when designing an
AAC interface, a different approach must be taken. The AAC device is designed for one specific
user and it is preferable to customize the device to their skill level which may be impeded or
limited by cognitive impairment(s).

Understanding the sequence of data processing activities should be used to highlight
opportunities to support the user while completing the task. The user interface should not impede
users who are able to complete tasks without going through every step, however it should also
support users who may be inclined to skip data processing steps when this could result in a
negative impact on task execution. For instance, a user who is inclined to use strategy three for
control task ‘d9200 play’ (online card game) skips the data processing activities where
consequences of different moves are considered, which may have a negative impact on overall
game performance. For this user, it may be desirable to modify the user interface to include
prompts, hints, or visual cues designed to encourage the user to think through their move. If one
considers Figure 14, the decision ladder ‘d3608 using communication devices and techniques,
other specified’ (asking the teacher a question), this same design method can be applied. If a user
is prone towards interruption e.g. go straight from activation (need for information) to planning of
procedure (using AAC device to ask the question), it may be desirable to include prompts, hints
or visual cues designed to remind the user to raise their hand (if possible) or make sure it is an

appropriate time/environment to ask the question.
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5.6 Worker competencies analysis

The final phase of the CWA framework is worker competencies analysis. The purpose of
this phase is to identify the competencies required by the user of the AAC device to accomplish
the various control tasks present in the work domain. This phase classifies the behavior of the
actor at each data processing step to distinguish novice, intermediate, and expert behavior. This

approach is used to motivate the development of user interfaces that support all skill levels.

5.6.1 Methods

The worker competencies analysis was completed using the Skill, Rule and Knowledge
(SRK) taxonomy. This taxonomy considers three different psychological processes: Skill- Based
Behavior (SBB), Rule- Based Behavior (RBB), and Knowledge- Based Behavior (KBB).

e Skill- Based Behavior is performed without conscious attention. It is mainly
dependent on automatic responses and neuromuscular control [69].

e Rule- Based Behavior: is based on a set of stored rules that can be learned from
experience or from established procedures. Unlike SBB this process requires
conscious cognitive processing [69].

e Knowledge- Based Behavior: is slow and effortful as the actor is required to use full
conscious attention. The actor must actively/purposefully consider system goals and
procedures [69].

A well-designed interface for a complex sociotechnical system should encourage SBB and
RBB while allowing for transition to KBB during problem solving [63]. This SRK taxonomy is
applied to the decision ladder of critical or frequent control tasks. This chapter applies the SRK
taxonomy to the control task ‘d9200 play’ (online card game) depicted in Figure 15, however in a

full CWA all control tasks would be analyzed.
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5.6.2 Results

The results of the worker competencies analysis are presented in Figure 17. This figure
were created using THE CWA TOOL software [67]. For each information processing step of the
decision ladder for the control task ‘d9200 play’ (online card game), expected behavior is
described for each of the three psychological processes - SBB, RBB, and KBB. In addition to
user experience and skill the behavior observed at each information processing step is also

heavily influenced by the cognitive abilities of the user.
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Figure 17: SRK taxonomy d9200 Play (online card game)
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5.6.3 Discussion

The worker competencies analysis provided for ‘d9200 play’ represents the behavior
expected for the relatively complex control task of playing an online card game. This task was
chosen as it is a clear, easy to follow process and the SRK behavior during the task can easily be
understood and applied to other situations. The insights captured by the SRK taxonomy informs
interface design by facilitating the generation of information requirements. Consider the first data
processing step ‘recognize need for action’. A user exhibiting SBB may recognize immediately
when it is their turn to act whereas a user exhibiting KBB may require visual cues or prompts to
recognize it is their turn. A well-designed display generally accommodates all levels of skills.
However, for some AAC users it may not always be possible to achieve SBB and it is more
important that the interface be adapted for the abilities and behavior of the device user.

The cognitive functioning of the user of the AAC device will also have a significant
impact on the behavior observed at each data processing step and the worker competencies
analysis should also be applied in less complex tasks. Consider Figure 14, the decision ladder for
the control task ‘d3608 using communication devices and techniques, other specified’ (asking the
teacher a question). For the data processing step ‘interpret parameters for asking question’. A user
exhibiting SBB may intuitively assemble the information required to formulate the question,
however a user exhibiting KBB may benefit from additional support from the AAC device in the

form of guiding phrases or images to help them focus their thoughts.

5.7 Conclusions

The CWA framework is a tool that can be used to establish the functional requirements of
an AAC device within a particular work domain as well as guide the design of the user interface.

The goal of using the CWA framework was to inform the design of the user interface of the AAC
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device so that it is functional within the work domain and supports the user executing critical
tasks in a way that is cognitively appropriate.

A work domain analysis provides the foundation of the CWA as it describes the
necessary functions the AAC device must enable or support. The abstraction hierarchy is mapped
to the ICF framework and the generalized functions represent the daily activities of the user.
These generalized functions are coded to ICF and further detailed in the remaining phases of the
CWA.

Control task analysis should be performed for all critical or frequent activities
(generalized functions) identified in the abstraction hierarchy. Decision ladders are used to
demonstrate the data processing steps, resultant states of knowledge, as well as different
strategies that can be used to complete each task. The control task analysis is critical in
determining how the flow of task progression is presented to the user.

The strategies analysis and worker competencies analysis consider both the strategies and
the behaviors of the user of the AAC device. The information flow maps can be used to guide
interface designs that encourage critical thinking and support different task strategies. The SRK
taxonomy should be applied to each control task so that different behaviors can be understood at
each data processing step. This process can be used to guide interface designs that accommodate
the skill level of the user and supports users exhibiting novice behaviors thus encouraging
improved task execution.

Ultimately the CWA process generates a detailed analysis of the work domain as well as
a breakdown of critical tasks that provides insight used to guide the design of the AAC user
interface. This process applies for any AAC device, not just eye gaze assistive technology. The
CWA should enhance utilization of the device and performance of critical tasks based on the

physical and cognitive abilities of the specific user and environment considered.
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Chapter 6

Eye Gaze Assistive Technology Evaluation Framework

6.1 Overview

This chapter proposes a four phase eye gaze assistive technology evaluation framework
designed to support clinicians during the technology evaluation process. The systematic review
found that access to professional support in the form of services, systems, and policies was the
primary facilitator supporting successful implementation of eye gaze assistive technology. The
proposed evaluation framework has been designed specifically to support clinicians, such as
occupational therapists, who are prescribing this technology to their clients. Additionally, the
systematic review recommended the utilization of Goal Attainment Scaling in conjunction with
AAC TOMs (which are aligned with the ICF) to encourage both a personalized approach for the
heterogeneous population of eye gaze assistive technology users, as well as to promote
standardization across disciplines and among health care professionals. This framework
implements these recommendations using the low cost Tobii 4C eye tracker while addressing the
challenges associated with eye gaze assistive technology which were prohibitive costs and
technical issues. It provides technical support in the form of a flow chart designed to output
recommended eye tracker settings. It also provides support for customizing the user interface
through completion of a CWA, so that the child is provided maximum support in attaining their
goals. This framework can be used in conjunction with any software and assessment tools

typically used by clinicians during the evaluation process.

6.2 Methods

This evaluation framework is not meant to replace any procedures or assessments

typically carried out by clinicians. Its purpose is to provide guidance and structure throughout the
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evaluation process. This process outputs predefined outcome measures indicating whether or not
the client was successful using eye gaze assistive technology and whether or not using the
technology was beneficial for the client. This framework utilizes Goal Attainment Scaling and
AAC TOMs. It also refers to the World Health Organization’s ICF framework as well as the

guidelines for completing a CWA for an AAC device described in Chapter 5.

6.2.1 Goal Attainment Scaling

Goal attainment scaling (GAS) is used to set personalized goals that the client works
toward during therapy or intervention [70]. These goals are measured in a way that facilitates
maximal participation of the client in daily activities and can be written for all levels of
functioning under ICF. This approach focuses the client, caregivers, and clinician and can
increase motivation and enhance outcomes [43],[71]. GAS is a criterion-referenced measure of
change (on a five point scale) that is specific to an individual [70]. For every goal, an outcome is

defined at each level of the scale.

Table 8: GAS rating scale summary [72]

Score Predicted Attainment
(-2) Much less than expected outcome
(-1) Less than expected outcome
0) Expected outcome after intervention
(+1) Greater than expected outcome
(+2) Much greater than expected outcome

6.2.2 AAC Therapy Outcome Measures (TOMs)

AAC TOMs are fully aligned with ICF. When a clinician evaluates a client using AAC
TOM s the client is scored among four different categories: (i) impairment, (ii) activity, (iii)

participation and (iv) well-being [22]. The impairment category is broken out and scored in five
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subcategories summarized as: physical, cognitive, sensory, communication — expression, and
communication — comprehension

The AAC TOMs provide descriptors for the level of functioning associated with all
possible scores. Under each category/subcategory the child is scored on a scale of 0 — 5. The child
is assessed twice, before and after the AAC intervention. Typically, the child is only reassessed in
the categories; (ii) activity, (iii) participation, and (iv) well-being. When an improvement is
measured in one or more of the categories this can be interpreted as a successful AAC
intervention. Although scores for physical impairment, cognitive impairment, and sensory
impairment will not change as a result of AAC intervention, they are critical in understanding the
capabilities of the user and should be used to inform the design and complexity of the AAC user
interface as well as guide practical concerns such as how to position the eye tracker relative to the

child.

6.3 Application

The evaluation framework is separated into four distinct phases (i) preliminary
assessment, (ii) usability assessment, (iii) functionality assessment, and (iv) post-intervention
assessment. The Tobii 4C eye tracker is used during at least the first two phases to establish
usability of eye gaze assistive technology for the child. The low cost of the 4C eye tracker means
increased availability of the system. Clinics can more easily afford to purchase these eye trackers
to lend out to clients and children can trial the system without significant financial investment by
their families. While integrating feedback from clinicians in this framework, a Tobii 4C eye
tracker was trialed in a clinic for a participant who had attempted the use of an eye tracker several
times in the past unsuccessfully. Upon viewing the child’s interaction with the low-cost Tobii
4C, the parent immediately purchased the Tobii 4C to practice with at home. The use of the

gaming Tobii 4C appears to address the cost issue cited within the systematic review. However,
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once it has been established that the child is capable of using an eye tracker, a more suitable eye
tracker may be recommended for the child at higher cost. The evaluation framework is
summarized by the flow chart in Figure 18. An evaluation worksheet has also been developed to

support clinicians during the evaluation, this is depicted in Figure 19 and Figure 20
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Figure 18: Eye gaze assistive technology evaluation framework flow chart
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Outcome Level Goall Goal2 Goal3

Technical Assessment

Category Score
- Much less than

Impairment — Physical expected (-2)

Impairment — Cognitive

Less than
Impairment — Sensory expected (-1)
Communication Impairment —Expression

Expected

Communication Impairment — Comprehension outcome (0)

Activity More than
expected (-1
Participation P D
Well-being Much More than
expected (-2)
AAC TOMs - preliminary assessment Date: '
GAS — goals for usability assessment Date:
# Score Outcome Level Goall Goal2 Goal3 ‘ # Score
Goal 1 Goal 1
Goal 2 Much less than Goal 2
expected (-2
Goal 3 P = Goal 3
Scoring —usability goals Less than Scoring — functionality goals
expected (-1)
Date:
Expected Date:
Y N outcome (0)
Continue to next stage? O O More than Category Score
» expected (-1) —
Modify goals? O O Activity
Much More than Participation
expected (-2)
Well-being
GAS — goals for functionality assessment Date: AAC TOMs — post
intervention assessment
Client: /Reviewer:

Figure 19: Eye gaze assistive technology evaluation worksheet - overview
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Technical Assessment Target Size Y N Notes
Extra Large o O
Calibration? Yes No Large o O
Notes:
Medium o o
Small o o
Dwell Y N Extra Small o O
225 ms 0 =
300 ms O =
425 ms O O Screen Coverage
600 ms O 0 TopLeft Top Right
825 ms 0 0 Center
1100 ms 0 =
Bottom Left Bottom Right
Success?
Notes:
Tally of successful clicks in each area of the screen
Client: /Reviewer:

Figure 20: Eye gaze assistive technology evaluation worksheet - technical assessment
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6.3.1 Preliminary assessment

The objectives of the preliminary assessment are to record a functional baseline,
determine goals, and establish recommendation for eye tracker settings and minimum target size
for the user interface. The preliminary assessment may occur in one or more sessions, but it
should not be drawn out for an extended period of time. This can be done in a clinical setting. The
first step of the proposed eye gaze assistive technology evaluation framework is for the clinician
to assess the child using the AAC TOMs.

The next step is the technical assessment where the child performs simple point and click
tasks using the Tobii 4C eye tracker. This testing outputs recommendations for dwell time and
minimum target size. Ability to control the eye tracker at longer dwell times demonstrates
increased focus and control however it also increases the likelihood of error. The technical
assessment is described in more detail in the next section and it is summarized in Figure 21.

The final step of the preliminary assessment is to determine one or more goals for the
child to work towards during the usability assessment. The goals should be defined based on the
GAS method and should be practical based on the abilities of the child assessed using the AAC
TOMs. At this stage goals should be targeted towards establishing eye tracker skills rather than
ICF criteria. This should be done in consultation with the child’s parents and caregivers. Some
examples of goals using the eye tracker are: to calibrate the eye tracker; to select a target; to
communicate yes or no; to type their name; or to send an email. These goals can also be defined
based on the available functions of the AAC software being used.

Goals that were set can be reevaluated and adjusted as necessary. The technical
assessment can be repeated in whole or in parts, as necessary before affirming goals and moving
onto the next phase. For instance, if the child is unable to calibrate the eye tracker but then is

successful selecting targets, it is worth reattempting calibration.
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Figure 21: Flowchart for preliminary testing using Tobii 4C eye tracker
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6.3.1.1 Technical assessment

The technical assessment starts with calibration of the eye tracker. If calibration fails, this
step can be repeated, and troubleshooting can commence. For instance, the bubble feature can be
turned on to guide the child and relative positioning of the eye tracker and child can be adjusted.
As noted during the eye tracker usability study, offering encouragement to the child as well as
having a third party manually point to the calibration points may improve the likelihood of
achieving successful calibration. If calibration cannot be achieved, use of the calibration profile
from a different user is recommended. Once a calibration profile is created for that user it is saved
automatically and can be reused and updated as needed.

The next step is to set the eye tracker to the minimum dwell time of 225 ms and display a
single large target in the center of the screen. This framework recommends an initial target
diameter of approximately 350 pixels or 9 cm. The target can be any shape or image but there
should be some sort of visual and/or audible reaction when the target is clicked so that the child
receives feedback. If the user cannot select this target even with the bubble feature turned on, it is
recommended to stop testing here. These settings become the recommended dwell time and
minimum target size. In this scenario a possible goal for the usability assessment would be for the
child to make a purposeful selection using the eye tracker.

If the child is able to reliably select the target, the target size should be decreased and the
dwell time increased in the increments permitted by the eye tracker (225, 300,425, 600, 825,
1100). The recommended maximum dwell time to trial is 1100ms. When the user is no longer
able to select the target, stop testing and revert back to the last successful setting. Continue
decreasing the target size in smaller increments. When the child is again unable to reliably select
the target, revert back to the last successful setting. These settings become the recommended

dwell time and minimum target size. Note that this framework purposely does not define ‘reliably
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selecting the target’ or offer recommendations for decreasing the target size, these decisions are
to be made at the discretion of the clinician.

If the child has established the ability to select targets using the eye tracker it is
recommended that their ability to interact with the different areas of the screen be assessed. This
can be done informally by monitoring the child’s ability to select targets in different areas of the
screen, in a process similar to the Screen Coverage task described in the eye tracking usability
study. If a child demonstrates difficulty interacting with a particular area of the screen, interactive
items in the user interface should not be placed in these locations. This process is especially
important if the child has a nonstandard head position that may impede the eye trackers ability to
view the child’s eyes in certain positions or prevents the child from effectively accessing portions
of the screen. If eventually a customized user interface is being designed for the child, analysis of
their ability to interact with different areas of the screen should be completed in more detail and

with more precision to enhance the effectiveness of the user interface.

6.3.2 Usability assessment

The main goal for this phase is for the child to establish usability of the eye tracker and
achieve their predetermined goal(s). The length of this phase is variable. However, a time period
of 6 — 12 weeks is preferred, to allow the child ample opportunity to gain familiarity with eye
gaze assistive technology. It is recommended that the child practice frequently (daily if possible)
but it is important not to overwhelm or frustrate the child. At any stage, the recommended dwell
time and minimum target size can be reevaluated. The Tobii 4C has been used for this assessment
because of its low costs and diverse options for integration. The eye tracker can be mounted to
any screen as long as the connected device is capable of running the eye tracker software.
However, there are other challenges such as the availability of compatible devices and suitable

screens in the child’s environment. It is recommended to use standard AAC software with
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minimal modifications. Customization of the user interface is encouraged but in the early stages it
is especially important not to overwhelm caregivers with technical challenges.

At the end of the practice period, the clinician should reevaluate the child’s progress and
determine whether or not they are achieving or progressing towards their goals. It is important to
get the feedback from the child whenever possible as well as their caregivers as successful
implementation of AAC interventions hinges on their support [42].

At this stage the clinician can recommend one of three routes: (i) abandoning eye gaze
assistive technology, (ii) extending the time period of the usability assessment, or (iii) moving
onto the functionality assessment. If it seems highly unlikely that eye gaze assistive technology
will be a suitable AAC device for the child or the technology is not a good fit for the family
dynamic, the clinician may recommend abandoning the technology. However, the initial
assessment using AAC TOM s can still be used when evaluating any future AAC devices. If it
seems possible that eye gaze assistive technology may be a suitable AAC intervention for the
child but the child has not achieved their goal(s), the length of the usability assessment can be
extended. Finally, if it seems possible that eye gaze assistive technology may be a suitable AAC
intervention for the child, who has achieved their goals, the clinician may recommend moving
onto the next phase, functionality assessment. It is possible that significant financial costs and
time commitments may be incurred during the next phase so it is essential that usability of the eye

tracker is established.

6.3.3 Functionality assessment

The functionality assessment begins with reevaluation of the child’s goals. New goals
should be set in consultation with the child and their caregivers. These goals should be
specifically targeted towards enhancing functioning of the child along the AAC TOMs

descriptors of activity, participation and well-being. For instance, if the child scored a ‘1” under
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the TOMs activity descriptor this indicates limited functional communication (typically yes or no)
a possible goal would be for the child to communicate basic needs and information (indicative of
a score of ‘2”). Furthermore, consider the example of a child who responds to certain questions
with yes or no answers (limited vocalizations). A possible goal would be for them to indicate
using the eye tracker that they have to go to the bathroom, instead of waiting for and responding
to the question when asked. It is important to consider the work domain or environment where the
eye tracker will be used — typically home or school, and understand how these goals fit into the
work domain. Once goals have been established, a CWA is performed to guide the design of the
user interface so that the child is supported in achieving their goals. This methodology is detailed
in Chapter 5.

The new goals and the CWA methodology are aligned with the ICF framework. First,
complete a work domain analysis to quantify how the goals fit into the work environment. Next,
conduct a control task analysis for each goal. Consider the goal of the child using the eye tracker
to communicate they need to go to the bathroom. Complete a control task analysis for ‘going to
the bathroom’. Analyze the current strategy used by the child and decide on an ideal strategy to
work towards utilizing the strategies analysis methods. At present, the first step on the decision
ladder ‘activation’ is achieved when a parent or caregiver asks the child directly if they have to go
to the bathroom, this would be considered KBB. At this stage the clinician can brainstorm
different methods of gradually modifying the behavior at this step of the decision ladder from
KBB to RBB. One way of doing this could be to get a video recording of the parent asking the
question. Instead of asking the child the question directly the parent could encourage the child to
look at and select a target on the screen using the eye tracker that would trigger the video of the
parent asking “do you have to go to the bathroom?”. The goal is that in time the child would

trigger and respond to the video independently, thus communicating their intent.
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This functionality assessment should take place over a period of 6-12 months with the
eye tracker being used to the maximum extent possible. During this time period the clinician
should check in with the child and their caregivers regularly and update goals as required.
Thorough integration of the eye tracker into the daily life of the child is essential to maintain
consistency. The clinician may recommend utilizing a different eye tracking system that is more
suitable for integration, for instance a system that attaches easily to a wheel chair. This may
require application for funding or significant financial investment on behalf of the parents. The
development of a customized user interface will also require the services of a software developer
or technician and increase the cost and complication of the intervention process. This highlights
the rationale for using the low cost 4C eye tracker to establish whether or not the child is able to

use the eye tracker before incurring significant financial costs.

6.3.4 Post-intervention assessment

The last phase of the eye gaze assistive technology evaluation frame work is the post-
intervention assessment. This is conducted by the clinician in accordance with the AAC TOMs
procedure while considering the GAS outcomes. The child is reevaluated among the criteria laid
out under the descriptors of activity, participation, and well-being. If an increase in score is
observed in any category, this is a quantitative outcome measure indicating that eye gaze assistive
technology was a successful AAC intervention for the child. However, it is also important to
consider the feedback of the child and caregivers to ensure that these outcomes are meeting their
expectations, both for functionality and practical implementation. It is essential that the family is
engaged throughout the entire process, particularly when it comes to goal setting to ensure their
expectations are managed. Even with a positive outcome, it is possible that eye gaze assistive

technology may not be considered a practical fit for the family dynamic. If the child will continue
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using eye gaze assistive technology, the functionality and post-intervention assessments can be

continually repeated/updated to guide and support continued progress.

6.4 Conclusions

This proposed evaluation framework addresses the challenges associated with
implementation of eye gaze assistive technology identified in the systematic review, by providing
support to the greatest facilitator of eye gaze assistive technology — professional support, systems,
and services. The repeatability study provided evidence that the low cost Tobii 4C eye tracker can
be used for AT applications. The usability study provided insight on calibration and technical
factors affecting eye tracker performance which informed development of the technical
assessment. Applying the principles of cognitive work analysis guides the design of the user
interface so that the AAC software is functional for the user in the work environment. This
proposed evaluation framework utilizes GAS and the AAC TOMs to quantify success or failure
of the AAC intervention. Utilization of the ICF framework ensures usage of a universal language
when describing health and functioning of an individual and promotes knowledge transfer across
disciplines. By aligning the evaluation framework with the ICF framework an evidence based
approach to the evaluation process was developed for eye gaze assistive technology.

There are limitations associated with the proposed eye gaze assistive technology
framework. It needs be tested with children who are prospective eye gaze assistive technology
users before conclusions can be drawn about its utility. It should also undergo further refinement
based on input from prescribing professionals. However, the evaluation framework has been

developed based on prior evidence and only minor changes are anticipated.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The purpose of the proposed eye gaze assistive technology evaluation framework is to
support clinicians who are prescribing eye gaze assistive technology as a method of AAC for
children with severe physical disabilities and complex communication needs. The evaluation
framework was informed by the findings of the systematic review: investigating outcome
measures and uptake barriers when children and youth with complex disabilities use eye gaze
assistive technology. The systematic review identified prohibitive costs, technical issues, and
personal factors (fatigue and frustration) as barriers to effective implementation of eye gaze
assistive technology. Prohibitive costs were addressed in the reliability study and the usability
study, by using the low cost Tobii 4C eye tracker. Technical issues and parameters affecting user
performance were analyzed in the usability study. The personal factors of fatigue and frustration
were analyzed in the usability study by the NASA TLX workload assessment. The systematic
review also identified access to professional services, systems and support as the primary
facilitator of effective implementation of eye gaze assistive technology. A methodology using the
principles of CWA to inform interface design of AAC devices, was developed to support
clinicians. Additionally, the proposed eye gaze assistive technology evaluation framework has
been specifically designed as a support for clinicians which integrates predefined therapeutic

methods/tools, namely the ICF framework, GAS, and AAC TOMs.

7.2 Future work

The next step for this research project is evaluation and refinement of the proposed eye

gaze assistive technology evaluation framework. This should be achieved through testing with
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children who are prospective eye gaze assistive technology users and feedback from prescribing
clinicians. Additional research should be done to analyze the bubble feature, i.e. impact of visual
feedback of gaze location when executing point and click tasks, for children at varying stages of

cognitive development.
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Studies”). Please note that when vour research project 15 conmpleted, you need to submut an Annual

Renewal Closure Form m Romeo/traq mdicating that the project is "completed’ so that the file can be closed. This
should be submitted at the fime of completion; there 15 no need to wait untl the anomal renewzl due date.

You are remunded of vour obligetion to advise the GRER of any adverse event(s) that ocour dunng this one year
period (access this form at http:/wrw. queensu ca'trag/sisnon himl ; click on "Events"; under "Create Mew
Event” click on "General Research Ethues Board Adverse Event Form™). An adverse event mncludes, but 1s not
limmted to, a complamt, a change or unexpected event that alters the level of nsk for the researcher or participants
or situation that requires a substantial change in approach to a participant(s). You are also advised that all
adverse events mmst be reported to the GREB within 48 howrs.

You are also remmmded that all changes that mught affect hwman paricipants st be cleared by the GREB. For
example, vou mmst report changes to the level of sk, applicant cha::i.ctmstlﬁ and].n:plmmjah.annfnzw
procedures. To submit an amendment form, access the appheation by at i s
click on "Events"; under "Create Mew Event” click on " Gmu:lResearchEﬂnﬁBnardRaquestﬁ:-r
ﬂmﬂmﬂmrnfﬂ.pprmmdﬂhdla Omnee subnutted, these changes will automahcally be sent to the Ethees
Coordinator, Ms. Gal Irving, at the (ffice of Research Services for fimther review and clearance by the GREB
or GREB Chair.

Om behalf of the General Research Ethies Board, I wish you confimued success in vour research.

Joan Stevenson, Ph D).
Interim Chair
Generzal Fessarch Ethues Board
o Dr. Clawre Davies, Superasor
Is. Elizabeth Delarosa, Collaborator

116



Appendix B

Letter of information

Study Information
Gaze & Click:
Eye Tracking Assistive Technology Made Easier

Study Investigator: Supervisor:

Erin Perfect, B.Eng T. Claire Davies, PhD
Department of Mechanical and Department of Mechanical and
Materials Engineering Materials Engineering
Queen's University Queen's University
Kingston, Ontario, Canada Kingston, Ontario, Canada
Email: erin.perfect@queensu.ca Email: claire.davies@queensu.ca
Phone: (613) 533-6000 ext. 78743 Phone: (613) 533-6000 ext. 78743

What are we trying to discover?

Sometimes, children who have disabilities have difficulty communicating. To
enable them to interact, they can use assistive technologies. These devices let
them type sentences on computer screens. For some, eye movement is easier to
control than movements in other parts of their body. Eye tracking assistive
technologies are available that allow the user to use their eyes to navigate a
computer screen. However, there are many challenges associated with
implementing this technelogy. Clinicians need better methods to assess how the

system is being used so they can tailor the system to meet the unique needs of
each child.

We are developing a method to provide additional information to the clinician
about a child’s eye movements. The clinician can use this to assist in the decision
making process to determine whether or not to prescribe eye tracking assistive
technology.
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To be able to develop this software, we need help from children who are either
typically developing or children who might be candidates for eye tracking systems.
These volunteers will help us by playing computer games using only their eyes. We
will use this data to build and refine the software model and then to test how
effective it is.

Who can participate?
Your child is invited to participate in this study if they are:
* aged 18 or below with no experience using gaze interaction technology
* 3ged 18 or below and a candidate for using eye gaze interaction technology

How will my child be involved in the study?

Your child will be invited to assist us in developing a software model that analyzes
eye movements. Your child will be asked to perform a series of short games using
only eye gaze as the input mechanism (for target selection). The tasks will take
approximately 30 minutes to complete. The total time from start to finish including
set-up, testing and any breaks, will be less than one hour.

Will anyone know what my child does in this study?

With your permission, we would like to videotape your child’s eyes and face while
conducting the task. This allows us to ensure that the computer tracking of the
eyes aligns with actual eye movement. This videotape will only be used by the
researchers for analysis of the data. Your child can still choose to participate in the
study if you do not want them to be videotaped.

All infarmation we collect about your child will be kept private. All data collected
will be anonymized. We will not make anything public that might identify your child
unless legally required to do so. Results from this study will be published in the
study investigator's master’s thesis, but your name will not be used and no
information that discloses your identity will be released or published. In addition to
the master’s thesis, results may be published or presented at conferences or
within journal papers.

We will destroy the paper forms (consents, data collection etc.) and any computer
data bases five years after the study ends.
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Are there any risks to doing this study?

The risks in participating in this study are minimal. Your child may experience some
eye fatigue or dry eyes when completing the tasks however this is very tempaorary
and a short break from testing will provide immediate relief. Breaks will be
provided and testing may be stopped or paused at any time, for any reason.

Are there any benefits to doing this study?

The research might not benefit your child directly. We hope that what is learned as
a result of this study will enable us to develop, refing, and test a software model
that analyzes eye movements, that can support clinicians, and ultimately increases
the usability of eye tracking assistive technalogy. Participants will be given a $10
gift card and will be reimbursed for any parking expenses.

If my child participates, how will their data be stored?

All data will be stored on password protected computers and any hardcopies will
be kept in the study investigator's office in a locked cabinet. After 5 years, any hard
copied documents will be shredded and electronic data copies will be deleted.

Does my child have to do this?
If you decide not to take part in the study, there is no need to contact us.

What will happen if | or my child decides to drop out of the study?

If your child participates in this study, but you or your child change your mind
after, it is possible to withdraw from the study up to two weeks after the data
collection session. Just let us know that you or your child wish to withdraw by
sending us an email at erin.perfect@queensu.ca.

How do | find out what was learned in this study?

We expect to have this study completed approximately eight months after testing
is completed. If you would like a brief summary of the results, please let us know
by sending us an email at erin.perfect@queensu.ca.

What if | have questions?

Please ask us to explain anything you don't understand by contacting us at (613)
533-6000 ext. 78743. If you leave a message, we will return your call within 48
hours. You may also email us at erin.perfect@queensu.ca.
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My child wants to participate. What do | do now?

If your child would like to participate, please contact us by emailing
erin.perfect@queensu.ca or call us at (613) 533-6000 ext. 78743 to arrange a day
and time that works best for you.

Thank you for thinking about helping us with this project.

Yours truly,

Erin Perfect and T. Claire Davies
Queen's University

Study Investigators

If you have any ethics concerns please contact the General Research Ethics Board
(GREB) at 1-844-535-2988 (Toll free in North America) or 613-533-2988 or email
chair.GREB@queensu.ca.
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Appendix C

Participant forms

1D #:

Certificate of Consent for Parents/Legal Guardians of
Participants Under the Age of 18
Gaze & Click:
Eye Tracking Assistive Technology Made Easier

Study Investigator: Supervisor:

Erin Perfect, B.Eng T. Claire Davies, PhD
Department of Mechanical Department of Mechanical
Engineering Engineering
Queen’s University Queen’s University
Kingston, Ontario, Canada Kingston, Ontario, Canada
Email: erin.perfect@queensu.ca Email: claire.davies@queensu.ca
Phone: (613) 533-6000 ext. 78743 Phone: (613) 533-6000 ext. 78743

| have read the letter of information, or it has been read to me. | have had the
cpportunity to ask gquestions about it and any questions | have asked have been

answered to my satisfaction. By signing below, | am indicating that | am 18 years of

age or older and have decided to allow my child to participate in the study.
| consent to video recording of my child’s eyes/face Yes O Mo O

Print Mame of Child

Print Name of Parent/Legal Guardian

Signature of Parent/Legal Guardian

Date

Day/Manth/Year

December 1, 2017
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STATEMENT BY RESEARCHER TAKING CONSENT

| confirm that the participant was given an opportunity to ask questions about the
study, and all the questions asked by the participant have been answered correctly
and to the best of my ability. | confirm that the individual has not been coerced into
giving consent, and the consent has been given freely and voluntarily.

Print Name of Researcher taking the consent

Signature of Researcher taking the consent

Date

Day/Month/Year
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1D #:

Certificate of Assent for Participants Under the Age of 18

Gaze & Click:
Eye Tracking Assistive Technology Made Easier

Hello,

We would like you to help out with a research project we are doing that invalves playing
games with your eyas on a computer.

What we are doing:

We are trying to better understand eye movements when using a computer. You will be
asked to play games on a computer with your eyes instead of using a computer mouse.

If you decide to help us out, the whole test will take about one hour. Just ask the researcher
if you need a braak.

You do not have to participate and can stop at any time. Testing will not be started if you
don't want to participate.

Do you have any questions about the study?
Do you agree to take part in the study?

Signature of Participant

If you have any quastions about the study, please contact:

Erin Perfect, Investigator (erin.perfect@gueensu.ca)
Dr. T. Clzire Davies, Supervisor (claire davies@gueensu.ca)

December 1, 2017
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1D #:

Certificate of Informed Consent for Participants
Gaze & Click:
Eye Tracking Assistive Technology Made Easier

Study Investigator: Supervisor:

Erin Perfect, B.Eng T. Claire Davies, PhD
Department of Mechanical Department of Mechanical
Engineering Engineering
Queen’s University Queen’s University
Kingston, Ontario, Canada Kingston, Ontario, Canada
Email: erin.perfect@queensu.ca Email: claire.davies@queensu.ca
Phone: (613) 533-6000 ext. 78743 Phone: (613) 533-6000 ext. 78743

| have read the letter of information, or it has been read to me. | have had the
opportunity to ask questions about it and any questions | have asked have been
answered to my satisfaction. By signing below, | am indicating that 1 am 17 years of
age or older and have decided to participate in the study.

| consent to video recording of my eyes/face Yes [ Mo [

Print Your Mame

sSignature

Date

Day/Manth/Year

December 18, 2017
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STATEMENT BY RESEARCHER TAKING CONSENT

| confirm that the participant was given an opportunity to ask questions about the
study, and all the questions asked by the participant have been answered correctly
and to the best of my ability. | confirm that the individual has not been coerced into
giving consent, and the consent has been given freely and voluntarily.

Print Name of Researcher taking the consent

Signature of Researcher taking the consent

Date

Day/Manth/Year
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1D #:

Queens

Youth Participant Screening Checklist
Gaze & Click:
Eye Tracking Assistive Technology Made Easier

Sex: M F O Date of Birth: Email {opticenal):

YN

00 poes your child require vision correction? i.e. glass or contact lenses

00 poes your child have any eye movement disorders that may impact their ability to use an eye tracker?

OO0 Has your child ever used eye tracking technology before?

00 bpoes your child have experience using a computer or tablet?

OO0 Has your child ever used an assistive device for computer access or communication?

00 bDoes your child have any motor impairments that may affect their ability to access a computer?

O0 s your child receiving any cccupational therapy, physical therapy or communication therapy?

December 1, 2017
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