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Preface

When | started studying computer science in 2018, | knew that | wanted to learn how to solve complex
technical problems, use logic to create the best algorithms, make great software, and maybe prove
that p £ np while | was at it. Looking back now, nearly six years later, | can say that most of these were
successful (the last one was always a long shot, but for a million dollars it was worth a try). But while
these technical challenges originally grabbed my interest in computer science, the human aspects of
it clutched it and cemented my love of the field. Still, the term fihuman aspecté encompasses a lot. It
ranges from using computers to analyze human behavior, to emulating it well, to thinking about the
consequences of unleashing systems into the world. But my favorite part became designing systems
that can help people with real, tangible, problems they have & from start to finish. From coming up
with the first ideas, to creating an intuitive interaction, to designing the software architecture, to writing
and testing code in a way that makes it easy to make changes later, | fell in love with the whole process.

The thesis before you now describes such a process. It discusses the design of an integrated
robotic reminder system for people with dementia. It should be easy to see why | would like a topic like
this. The target audience comes with interesting and unique problems, the potential impact on their
lives is clear, and it allowed me to touch upon many aspects of designing a technology system. There
is one important aspect | did not have the time for, however. That is actually making the software. Of
course, there is the robot prototype, but if only | had a team of interaction designers, front- and back-
end software engineers, software architects, computer vision engineers, embedded software engineers,
artificial intelligence engineers, network engineers, cybersecurity and privacy experts, and O last but
not least © a few years to fully realize this project. For now, this thesis will have to do.

Thereis some people | would like to thank. First and foremost, there are the participants of the two
workshops, the caregivers and residents of the care home, and the experts who took the time to talk to
me about the software architecture. Your feedback was invaluable, thank you. Thanks also goes out
to all the caregivers and researchers from many fields | have had the chance of speaking with during
the past few months, who welcomed me into their spaces and shared their experiences and views with
me. | would also like to thank my two supervisors, Mark Neerincx and Frank Broz. Thank you for your
feedback, our weekly meetings, and for challenging me. lid also like to thank my third thesis committee
member, Dave Murray-Rust, for joining the committee. | hope you enjoy my thesis. Thanks and love go
out to my parents, brother, grandparents, and other family members. Thank you for your continued love
and support, and thank you for listening to me try to explain complex algorithms to you & | hope this
thesis will be more accessible. Finally, | want to thank all the wonderful friends, fellow students, fellow
teaching assistants, and teachers | have had the privilege of meeting over the course of my studies.
The human aspects of computer science may be what cemented my love for the field, but you are what
cemented my love for my time here.

Ricardo Vogel
Delft, April 2024



summary

Dementia is a cognitive condition that impacts millions worldwide. It causes a decline in memory, at-
tention, and executive function, and also other non-cognitive symptoms, like depression, anxiety, and
trouble sleeping. Seventy percent of people with dementia live at home, and often receive care from an
informal caregiver, like their partner or child. These caregivers often spend a lot of time providing care,
and cannot always be present. This can cause them stress and can cause them to feel overtaxed.

A useful technology to alleviate negative symptoms of people with dementia is robotic pets. Most
robotic pets, however, only have pet-like functionality. This is useful on its own, but adding additional
care functionality would be helpful. A different useful tool for people with dementia is reminder systems.
These systems can help them remember to do important daily tasks, like eating meals and taking
medicine. These systems, however, usually use a phone as a medium. The user might leave their
phone in another room, and if they do not take it to the location where the task is to be completed, they
cannot check what the reminder was for.

This thesis aims to combine these two systems, and presents the design of an integrated robot
reminder system for people with dementia who live at home. It aims to address the problem of people
with dementia forgetting important things, improve their quality of life, and reduce the stress experienced
by their informal caregivers. The system consists of an animal-like robotic pet, which delivers reminders
for important activities of daily living directly to the user with dementia. It guides them to a location
in the house, where a screen tells them what the reminder is for. Through sensors placed in the
house, the system can automatically detect whether some reminders have been completed, and can
use contextual clues to send reminders at the best time. The research question for this thesis is iHow
can an integrated robotic reminder system effectively support people with dementia living at home in
completing daily tasks while alleviating stress of their informal caregiver?d

To alleviate the stress experienced by informal caregivers, a phone app is used. Using this app,
they can add reminders, check up on their loved ones, and see an overview of recurring reminders,
which allows them to (re)schedule reminders for the most appropriate time.

Three research topics are explored in the thesis. The first topic is that of value-sensitive design.
The two main user groups, people with dementia and caregivers, both have values they want to see
reflected in the system. Sometimes, these values may clash. The conflict between these values is
explored in this thesis. Secondly, the interaction between the robot and the person in the context of a
reminder system is researched. It should be clear to a user that the robot is trying to convey a reminder.
The third topic relates to the software architecture and software engineering requirements. Private data
should be stored securely, and the requirements should be written to make future development easy.
Recommendations are made regarding the ideal setup of the system, ensuring proper security and
usefulness.

To evaluate the system and the interaction with multiple stakeholders, a high-fidelity robot prototype
was made. This prototype shows the core interaction of receiving a reminder. Besides the robot, a semi-
functional user interface prototype was made to show the functionality of the app that caregivers can
use to create reminders, see if they were completed, and get insights into what reminders should be
changed.

The system was designed through an iterative process. In order to improve the system and validate
its acceptability, two design workshops were held, one with professional caregivers and one with people
with dementia living in a care home. We showed them the robot, and showed the caregivers the user
interface prototype. These workshops showed that the combination of the robot and the reminder
functionality was appealing, though not everyone was as interested. To validate and improve the system
architecture choices, two interviews with experts in the field of privacy were held.
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Introduction

Dementia presents a significant challenge globally, impacting millions of people and their caregivers.
Dementia is a cognitive condition that causes decline in memory, attention, and executive function,
among other symptoms [1]. Over 55 million people have dementia worldwide [2], with nearly 10 million
new diagnoses per year. People with dementia often forget to perform important daily tasks and have
problems with executive function [1]. They may also experience other negative symptoms, like anxiety
and depression [1, 3i 5], and many feel lonely [6].

Seventy percent of people with dementia in the Netherlands live at home [7, 8]. The current health-
care system cannot provide all the care they may need, so many also receive informal care, by for
example their partner or children [8]. These informal caregivers spend, on average, 39 hours per week
providing care [9], many of them besides their regular job [8]. With the amount of time they spend, and
the concern they may feel when not being able to provide care at a given moment, it is understandable
that many caregivers suffer from anxiety and feel overtaxed [9, 10].

One useful technology to alleviate negative symptoms of people with dementia is robotic pets [11i
13]. These robotic pets aim to imitate the behavior of real pets, the user can play with them and pet
them. This alone provides value, but the functionality is quite limited. Additional care functionality would
be a useful addition to these pets.

A different useful technology for people with dementia is reminder systems [147 16]. The benefits are
clear: reminding people with dementia to perform important tasks, like taking their medicine or having
a meal, can help them with remembering these tasks. Most reminder systems found in literature use
smartphones as their medium. This may not be the ideal choice for people with dementia, as they
may not get reminders if they leave their phone in another room, and as they cannot easily check what
reminder they got last if they do not take their phone with them. Some reminder systems found in
literature make use of the context to provide reminders at an appropriate time, which increases the
chances of the user completing the task, and reduces annoyance of getting reminders at inappropriate
times or when doing something else [15, 17, 18].

This thesis aims to combine the functionality of robotic pets and reminder systems through the
design of an integrated robotic reminder system, which aims to alleviate the problems of people with
dementia forgetting daily tasks, their sometimes low quality of life, and the stress experienced by their
informal caregivers. The system does this by making use of a robotic pet, which comes to the user with
dementia to remind them to do important activities of daily living, like eating, drinking water, shower-
ing, and taking medicine. It keeps the caregiver in the loop by sending them updates when some
tasks were completed. The system makes use of sensors and other technology integrations to detect
whether the reminder was completed, to gather contextual information in order to send the reminder
at an appropriate time, and to make completing reminders easier. The main research question of this
thesis is iHow can an integrated robotic reminder system effectively support people with dementia living



at home in completing daily tasks while alleviating stress of their informal caregiver?6 This is a multi-
faceted research question, which will be answered from the angles of the design of the whole system,
the interaction between the human and robot, and software engineering. These three themes will be
discussed now.

The system has two types of users: the people with dementia and the informal caregivers. These
users want several things out of the system, such as the level of care, safety, and privacy. These differ-
ent values may sometimes clash. Decisions have to be made where one value has to be compromised
in order to guarantee another. For example, placing cameras and sensors around the house may in-
crease the level of care and the safety, but decrease the privacy. Several of such trade-offs will have
to be considered during the design process. The research sub-question related to the design is iHow
can the design of an integrated robotic reminder system balance the conflicting values of individuals
with dementia and their informal caregivers?i (SRQ1)

As discussed before, most robotic pets only have pet-like functionality, and most reminder systems
use a phone as their medium. Delivering reminder information through the medium of an animal-like
robot is still an open research topic. Several aspects will be explored, like the act of interrupting, how
to make clear that the user should follow the robot, and the way the reminder is communicated. The
research sub-question for the interaction with the robot is iHow can a robotic pet effectively give remind-
ers to people with dementia in a more interactive manner compared to traditional reminder systems?0
(SRQ2)

The final research theme is that of software engineering. If this system were to be implemented in a
real-world setting, there are certain things that should be paid close attention to. The first is the software
architecture. The use of sensors and cameras raises privacy and security concerns, if these data leak,
it would be a major breach of privacy. Designing the software architecture in a way that minimizes these
risks is paramount. Besides the software architecture, this thesis also presents user stories and formal
software requirements that can be used for future development. The research sub-question for this part
is iwhat are the recommended system architectures and requirements for implementing the integrated
robotic reminder system in a real-world setting, ensuring easy development and high security, privacy,
and usability for both the users with dementia and their caregivers?i (SRQ3)

Engaging people of the target audience in the design process is an effective way to understand
their needs and to ensure these needs are met. To this end, two design workshops are held, one with
professional caregivers, and one with people with dementia living in a care home. These workshops
aim to gather feedback on the design and to gauge the acceptability of the system. Additionally, two
interviews with experts are held to validate and improve the software architecture choices.

To evaluate the system and interaction, a high-fidelity robotic prototype is made. It makes use of
the animal-like MiRo robot, and makes use of the MiRois built-in cameras to find the user and screen.
Additionally, a medium-fidelity user interface prototype is made for the caregiver app. This shows how
a caregiver can set reminders, see which reminders were completed, and get insights in recurring
reminders and context rules. These prototypes are used in the two workshops.

This thesis is structured as follows: first, in Chapter 2, | discuss useful background information
regarding dementia, reminder systems, robotic pets, and participatory design. Chapter 3 presents the
design of the integrated robotic reminder system, describing the design process, going over major
design decisions, and specifying certain features. Chapter 4 talks about technical details of the robot
prototype, and Chapter 5 shows the Ul prototypes of the screen on which reminders are shown and
the app used by caregivers to set reminders. Then, in Chapter 6, the procedure and outcomes of the
two design workshops are presented. Chapter 7 talks about the proposed system architecture and the
expert interviews held to validate them, and Chapter 8 presents the final requirements of the system. In
the discussion in Chapter 9, | present points of improvement and useful areas for future work. Finally,
Chapter 10 wraps up the thesis.



Background

Before getting into the design of the system, let us talk about some important background information.
This chapter will discuss four areas of research relevant for this thesis. First, we will discuss symptoms
and other effects of dementia on the people themselves, on their informal caregivers, and on society
as a whole. This is done in Section 2.1. We will then discuss reminders systems and their features
in Section 2.2. Robotic pets used for people with dementia, and their benefits and potential ethical
concerns, will be discussed in Section 2.3. Finally, we will discuss patrticipatory design methods for
people with dementia in Section 2.4.

Ol Do oooid

According to the World Health Organization [2], over 55 million people have dementia worldwide. There
are nearly 10 million new cases each year. It is currently the seventh leading cause of death worldwide,
and is seen as one of the major causes of disability and dependency among older adults [2]. In the
Netherlands specifically, 290,000 people are estimated to have dementia, of which only about two
thirds have received a formal diagnosis [8]. Projections suggest that by 2040, the number of people
with dementia will rise to half a million [8]. Dementia is more common in women, who account for
61% of those affected [7]. While dementia is more prevalent among older adults, approximately six
percent of individuals with dementia in the Netherlands are under the age of 65 [7]. As for the living
arrangements, around seventy percent of those with dementia in the Netherlands reside in their own
homes, leaving approximately thirty percent who live in care homes [7, 8].

o O A A L

The ICD-11 [1], the International Classification of Diseases, 11th Revision, describes dementia as a
decline in cognitive abilities outside what you could normally expect given an individualis age. In order
to be diagnosed with dementia, impairments should be present in at least two cognitive domains® [1].
Memory is perhaps the most well-known cognitive domain when it comes to dementia, but problems
with memory are not necessary symptoms for a diagnosis.

There are six cognitive domains in which peopleis cognitive abilities may decline [1, 19]. The first
of these is complex attention & the ability to sustain and divide your attention. Examples of symp-
toms for dementia include difficulty holding new information in mind and getting easily distracted by
competing events in the environment. The second is executive function, which relates to planning,
decision-making, error correction, and mental flexibility. This relates to short-, medium-, and long-term
planning and decisions. The third domain is learning and memory. This domain relates to immediate

1According to the ICD-11 [1]. In the American DSM-5 [19], Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition,
just one domain is enough.
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memory, recent memory, and very-long-term memory. Symptoms include people repeating themselves
in conversation and not keeping track of short lists like grocery lists, but also forgetting memories from
far in the past. Then there is the language domain. People showing decline in this area speak less
fluently, often use general-use phrases such as fithat thingd, make more grammatical mistakes, and
in severe cases may not be able to recall the names of close friends and family members. The fifth
domain is the perceptual-motor domain, related to hand-eye coordination. For example, people with
decline in this area may not be able to use some tools anymore, even if this used to be second nature.
This domain also relates to navigating in familiar environments and general perception, like recogniz-
ing colors or faces. The final domain is that of social cognition. This would be a decline in social and
emotional capabilities, like considering othersi emotional and mental states and showing sensitivity on
potentially harmful topics.

Dementia can be caused by a variety of diseases and injuries that affect the brain [2]. Alzheimeris
disease is the most prevalent form of dementia, and is estimated to be responsible for sixty to seventy
percent of dementia cases [2]. Other forms of dementia include vascular dementia, Lewy bodies, and
frontotemporal dementia. Other causes include Parkinsonis disease, HIV, or traumatic brain injury [1,
19].

0i0i00 00000 0oo0oo 00 0ooooo Ot DUQoood

Besides the cognitive symptoms, people with dementia also often experience a number of behavioral
and psychological symptoms. These symptoms include apathy, depression, anxiety, psychosis, agit-
ation, wandering, irritability, hallucinations, and delusions [1, 3i 5]. People with dementia can also
experience problems with sleep or sudden changes in appetite. These symptoms are experienced by
the majority of people with dementia. They can be used in diagnosis, and are, of course, important
factors in the care of people with dementia [3i 5].

The effects of dementia do not end at these symptoms. Kane & Cook [6] conducted a survey among
people with dementia about their feelings of loneliness. 38% of respondents said they are lonely, and
twelve percent state they do not know if they are lonely. Balouch et al. [20] found that having more
friends could have a positive influence on cognition in people with dementia. They also note, however,
that the effect could be reverse: instead showing that greater dementia severity may lead to fewer
friends.

010000 Ooooooo 0o 0oiooOol ooodooood oo toodo doooooo

People with dementia living at home, which make up seventy percent of all people with dementia in the
Netherlands [7, 8], may not be able to receive all the necessary care through the healthcare system,
and thus often require informal care provided by, for example, partners, children, other close family
members, friends, or neighbors [8]. It is estimated that around 800,000 people in the Netherlands &
which is nearly five percent of the population & provide informal care for a loved one with dementia [8].
Just under half of these provide care for their partner with dementia, closely followed by those who care
for their parent or parent-in-law.

Dutch informal caregivers spend on average 39 hours per week providing care [9], around as much
as a full-time job. It is easy to see how this can be quite taxing, especially if the caregiver also has a
day job & which is the case for around forty percent of them [8]. Just over half of people surveyed
by Bijnsdorp et al. [9] reported feeling at least heavily taxed, with 13% feeling overtaxed. A quarter of
caregivers suffer from more significant anxiety than an average person [10].

Besides the effects on individual informal caregivers, the increase of the number of people with
dementia also causes problems on a larger scale. There are long waiting lists for dementia health-
care, which often lead to waiting times outside the acceptable time frame, especially for less urgent
cases [21]. The Dutch government reports staff shortages [22], which can, according to an investiga-
tion by journalist and the trade union, lead to dangerous situations in care homes [23]. The shortages
in the healthcare system are not something that will be solved easily. It would be useful if people with
dementia were able to safely and comfortably live at their own home for a longer time.
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The type of memory related to remembering things to do in the future is called prospective memory [16].
There are a variety of prospective memory tasks a person runs into in everyday life. One way to
distinguish between tasks is to split them into time-based and event-based tasks [16]. Event-based
tasks can be helped by external cues. For example, if you need to remember to take medicine after
lunch, having lunch might trigger your memory of having to take your medicine. For time-based tasks,
you cannot rely on such an external trigger. Having to call your doctor at two in the afternoon has no
external trigger.

Reminders can be a useful aid to help with prospective memory [16]. Reminders can come in many
forms, they can range from sticky notes placed around the house, to a calendar app that sends mobile
notifications, to voice assistants, to integrated systems. Zhou et al. [17] make a distinction between
four different types of reminders: they use time-based reminders, like the prospective memory tasks
discussed previously, and split up event-based prospective memory tasks into location-based, activity-
based, and complex context-based reminders. Time-based reminders can be set for a specific time, or
in a time range for some reminder systems [24]. Location-based reminder systems, as described by
Zhou et al. [17], seem to focus on outside locations (e.g., the grocery store), but specific locations in
the house could also be possible. Activity-based reminders take the useris current activity into account,
and are useful to ensure they do not get interrupted unnecessarily when doing something else. Hartin
et al. [15] make use of mobile phone sensors to detect the useris current activity. Complex context-
based systems take multiple aspects into account, for example the aforementioned time, location, and
activity, but you could also think about the usual time the user performs the activity. Dey & Abowd [18]
allow users to set the context through rules.

0i0I0I 00000000 00000 D0 0O0O0O0IT 00 DOooooooto 0o 0oono beoooo
When looking at the symptoms of dementia described in Section 2.1.1, it is easy to see the impact
this has on peopleis everyday lives. Difficulties in sustaining attention, executive function, learning,
and memory can make it difficult to perform important activities of daily living like taking medication,
eating, moving around, and making important calls. It logically follows that reminding people with
dementia of important tasks can be very helpful. Hackett et al. [25] confirm this intuition through an
experiment where people with dementia were tasked to drink four glasses of water at predetermined
times. Participants who were given reminders through smartphone notifications drank more glasses
and had to check the list of times less often than those who only had access to the list.

Extending this to a whole day, reminders can help people with dementia perform activities of daily
living [14], sometimes referred to as ADLs. Hartin et al. [15] define six types of activities of daily living:
Meal, Drink, Medication, Hygiene, Appointment, and simply Other.

0 A

Badly planned reminders can cause anxiety [26] and interfere with task performance [27]. Thatis why
it is important that reminders are sent at the right time. Both the time and other contextual clues can
be used to change the reminder time.

Dey & Abowdis [18] amusingly named CybreMinder allows users to describe contextual situations
in which the reminder should be delivered. This includes time, locations of people, activity, free time
available, whether or not a door is open, and even things like stock price (as you can probably guess,
this system was not made for people with dementia). This manual rule-based approach is also used
by Du et al.ls [24] HYCARE. This system is more relevant to this thesis, as it is designed for people
with dementia, not for people that care about stock prices. Their rules include time-based reminders
aided by contextual clues, both fixed (e.g., the system tells the user that their favorite TV show started;
but it only sends it if the user is in their home) and in a window (e.g., the system reminds the user to
take their medicine at some point in the afternoon; but only if they are home and not asleep), urgent
context-based reminders (e.g., reminding the user to take their keys if they are leaving without them),
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and fievent-relevantd reminders (e.g., turning on the dishwasher if itis loaded enough and the user
is going to bed soon). To schedule these reminders, the system uses three priority levels. Event-
urgent reminders have the highest priority, followed by fixed-time reminders, followed finally by the
time-window and event-relevant reminders. These are sorted based on their expiration time, working
on the intuition that if the deadline is far in the future, the system will have more chances to try to remind
the user.

One major downside of both CybreMinder [18] and HYCARE [24] is that setting up the reminder
rules can get quite complicated. Rules have to be manually set, and a small mistake in logic could turn
a useful reminder like fiturn off the gas stove when itis on and the user isnit cookingd into a continuous
stream of notifications if it is accidentally entered as fiturn off the gas stove when itis on or the user isnit
cooking.0 This is not a problem if the rules are entered by experts or developers, as they can test the
rules, but is certainly not ideal for a system where people with dementia and their caretakers are meant
to create these rules, who will not have the time to test them properly.

On the complete other end of the automation spectrum, Hartin et al. [15] use mobile phone sensor
data in their reminder system designed for people with dementia to completely automate the timing of
reminders. They use motion, positional, and environmental data like the accelerometer, temperature
sensor, proximity sensor, and GPS receiver. They record this data three minutes before a reminder
is sent, trying to see if it is possible to associate certain sensor states with acknowledged or missed
reminders. The sensor data is a way to capture what the user is doing, if they are busy doing a certain
task where they like not to be interrupted, they are doing a certain motion, and this might translate to
certain values in the sensors. They aim to utilize this association to build a model that can be used to
select a context where the user is likely to acknowledge the reminder. They build several models using
four different supervised machine learning techniques, namely a C4.5 decision tree, Bayesian network,
random forest, and K*. They get a 76% accuracy (precision=0.78, recall=0.76) in their Bayesian net-
work trained on data from people with dementia. Adding data from people without dementia into the
training data decreased the accuracy of this model by three percent, showing that a non-generalized
model for people with dementia may be beneficial.

In their time-based reminder system, Fikry et al. [28] use reinforcement learning to select how long
before a deadline a reminder is sent. The system uses smartphone notifications and is designed spe-
cifically for people with dementia or other cognitive impairments. By trying out different options, the
system learns the preferences of each user, and automatically adapts to them. Reminders can be sent
from two hours before the deadline time, with fifteen minute intervals between possibilities. Users can
confirm that the reminder was completed or dismiss it. The system rewards accepted reminders, and
punishes rejected reminders.

Zhou et al. [17] model their reminder system as a fuzzy linguistics problem. They define two aspects
that guide their decision-making. First, there is urgency. As less urgent tasks can be delayed for
a longer time, they use the acceptable delay time as a proxy for urgency. Anything that has to be
completed within five minutes has an urgency value of one, anything that can be delayed for two hours or
more has an urgency value of zero, the rest is linearly scaled between those two. The acceptable delay
is gathered through input from participants of their pilot study. The second aspect is interruptibility, the
extent to which people are willing to be interrupted for a given thing at a given moment. Ho & Intille [29]
describe eleven factors that contribute to a personis interruptibility, like for example activity of the user,
utility of the message, emotional state, frequency of interruptions, social engagement, and the history
of responses. Zhou et al. [17] argue that the userfs current activity is the most important contributing
factor to interruptibility. They gather interruptibility for different user activities through questionnaires.

Besides contextual clues, one interesting aspect to consider could be personalization. Ho & In-
tille [29] mention history of responses as a factor in interruptibility. Fikry et al.is [28] reinforcement
learning method is originally trained on existing data, but the model could be changed based on spe-
cific users. Another possible way of personalizing is by categorizing users into groups, where people in
the same group generally have similar preferences. One useful categorization could be the useris stage
of dementia. People in a later stage may benefit from different type of help, but this is just speculative.
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