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Abstract

The aim of this research project was to explore how long-term experi-
ence applications (LTEAs) can be designed and implemented for aug-
mented reality (AR)-headsets. Personalization, unintrusiveness, plan-
ning (short-term and long-term) and context-awareness were identified
as particularly important areas when designing and implementing LTEAs
for AR-headsets. An intelligent system, called Medication Coach Intel-
ligent Agent (MCIA), directed towards medication adherence was de-
signed and an approach for designing LTEAs considering the above
mentioned areas are presented. The goal of the MCIA was to increase
medication adherence for patients in an intelligent way and the goal
was achieved by using beliefs-desires-intentions (BDI)-based reasoning
algorithms. A concept of intentions and actions is presented in order
to be able to plan ahead while stile being adaptive to the situation of
users. A proof-of-concept prototype was implemented in the setting of
a Microsoft HoloLens and an evaluation with user tests was conducted.
The purpose of the evaluation was to investigate user experience of us-
ing AR-headsets and the potential for using AR-headsets as a tool to
address problems related to medication adherence and for similar prob-
lems related to the behavior of users. The results showed that people
with experience in use of smart technology were positive towards using
AR-headsets and that it is possible to implement intelligent systems for
AR-headsets using today’s technology.
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1 Introduction

Today, augmented reality (AR)-applications are mostly single purpose applications de-
signed for short term usage [29] (referred to as short-term experience applications (STEAs)).
If applications, which purposes are not meant for entertainment are considered, the usage is
typically a scenario where the user put the AR-headset on, perform the task and then take it
off. However, this is not strange considering that AR-headsets are still new on the market.
The Microsoft HoloLens (MH)1, launched in 2016, is the most established AR-headset to-
day and even if it is great in some aspects, there is still room for improvement. The battery
life and the size of the headset are probably the most important areas to improve in order
to open up for more long-term usage. The MH is also quite expensive, which limits the
availability to the public.

Even though the technology still needs improvement, this project aims to explore how long-
term experience applications (LTEAs) can be designed and implemented for AR-headsets.
There is no doubt that if the technology becomes better and more available to the public, it
has potential and several application areas. LTEAs may play an important role in the future
of AR and when moving towards pervasive AR-experiences ([29]).

The project will be focused on designing a LTEA related to personal medication manage-
ment and medication adherence. Medication adherence is a well known health problem all
over the world [23] and an important field of research. People with chronic illness uses
medication for long periods of time and a majority of these people must use medication for
the rest of their lives. The most common way to take medicine is orally (pills), on a daily
basis, and many common life long treatments require medication multiple times each day.

Against this background, the project aims to explore the possibilities of using LTEAs and
AR-technology (AR-headsets) as tools to improve medication adherence for patients and
also to investigate the future possibilities of this technology.

1.1 Medication Adherence

Medication adherence is known to be a global problem [23], and can be defined as the
“extent to which a patient acts in accordance with the prescribed interval, and dose of a dos-
ing regimen” [24]. Lack of medication adherence leads to patients not achieving sufficient
health outcomes [38], and about 25-50% of the patients does not follow their prescriptions
correctly [35]. Non-adherence has been estimated to a cost of 100-289 billion dollars a year
for the U.S healthcare system [47].

Several attempts have been made in order to address this problem such as different mHealth-
applications and different types of dispenser robots such as Philips Medido [7]. Even though

1https://www.microsoft.com/sv-se/hololens
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some interesting robots are on its way such as Pillo [8], all robots have by nature, the
limitation of being more or less fixed in its location.

Some of the critiques towards current mHealth-applications is that they lack many basic
adherence attributes [32], and also persuasive techniques to engage people in digital man-
agement of their disease [28].

There are mainly two reasons why people do not follow their medication plan, i.e. intention-
ally or unintentionally [22]. Unintentional non-adherence could, at least in theory, easily be
addressed by sending reminders to patients. This may work well for mHealth-applications,
but it is difficult when using robots since the user may not be close enough to the robot at
all times. The intentional non-adherence is a more challenging problem, since sending a
reminder can be seen as a useless attempt. The reason why it is considered useless, is that
it will most likely not change the mental state of the user. Persuasive techniques may play
an important role when dealing with intentional non-adherence, but as mentioned many
mHealth-applications lack this feature. Social and friendly robots may be more effective for
this purpose. If the user sees the robot as a friend, it may not want to disappoint it or make
it sad. However, if someone has very strong reasons to why he or she does not want to take
the prescribed medicines, this might not be enough either.

A few pros and cons about robots and mHealth-applications have been pointed out. How-
ever, by using an AR-headset it can be possible to have the mobility of a mobile device and
still establish a social and friendly relationship with the user. By using holograms it is pos-
sible to augment the users’ field of view with an avatar. With a digital avatar there are more
possibilities regarding looks and appearances compared to a physical robot, which makes it
easier to simulate different moods and atmospheres. Therefore, compared to a robot, using
holograms may be more effective in terms of persuading the user. An AR-headset, such as
the Microsoft HoloLens, also makes it possible to be more aware of the environment and
user activities because of its many sensors.

1.2 Problem Formulation

There are some differences that should be considered when designing LTEAs compared to
STEAs. The differences are all, in some way, related to the extended use of LTEAs compared
to STEAs. There are also some significant differences regarding the interaction between a
user and an AR-headset compared to a user and a mobile or desktop device. When using
an AR-headset the user can interact with its surrounding environment instead of interacting
strictly through a display. There are also more opportunities to use sound and voice as
means of interaction, since the user will always be available when wearing an AR-headset.

Since AR-headsets are still quite new on the market and still quite expensive, there is not
much research regarding human computer interaction/user experience (HCI/UX) for AR-
headsets (although there are research concerning augmented reality and mobile devices such
as [33] and [41]). Virtual reality (VR) have been around for while though and the guidelines
and design principles for VR should be helpful when designing for AR as well [27].

Four important areas are chosen, which are believed to be important when designing and
implementing LTEAs for AR-headsets.

• How to manage planning: Having a LTEA, there are more possibilities to define
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long-term goals for the user. These goals may not have an obvious solution, in the
sense that you can define a fix number of actions that will take you to that goal. If
a hypothetical health-application is considered, a goal could be to loose weight. It is
possible to define actions that should take you to that goal, but it is a more or less
continuous process which requires evaluation and re-planning during a long time.
Other examples of health-related goals, which also are continuous processes, could
be to decrease stress or to maintain a social life.

During this project, it will be examined what information the LTEA needs and how
the information can be used in order to plan towards the goals of a user.

• How to handle personalization: There is a difference in personalization regarding
STEAs and LTEAs. For LTEAs, the application will be used regularly by the same user
and this opens up for more possibilities and needs for personalization. It is important
to meet the user requirements in terms of personalization in order for the user to keep
a positive attitude towards the application. If the user is dissatisfied with the LTEA,
the application may be seen more as a burden than a tool.

• How to make the application unintrusive: Consider the case where the user wears
the AR-headset during his or hers ADLs (activities of daily living). This requires the
LTEA to be subtle and to not be in the way of other important things in the user’s
view. How information can be presented in an unintrusive way should therefore be
considered important when designing LTEAs for AR-headsets.

• How to achieve context-awareness: It is important for the application to be sensitive
when it comes to when and how it is interacting with the user. When using STEAs,
it is usually the user who takes the initiative stating that he or she is ready. However,
when it comes to LTEAs, especially if they are proactive in some way, it may be the
other way around. The application may be the one taking the initiative wanting to
present some information or getting some input from the user. To not disturb users by
interrupting them when they are busy, the application should be able to identify the
current context. Moreover, it is also important to recognize context in order provide
meaningful and useful services. If the LTEA has no perception of context, there is a
risk that it will provide irrelevant and faulty services. Context-awareness for AR is a
common research topic and this project will explore how context-information can be
obtained and how the information can be used in order to provide useful services to
users.

This project will explore how these four areas can be considered when designing LTEAs.
The goal is to implement a rational software agent, which considers all these areas.

1.2.1 Application - Medication Coach Intelligent Agent

The LTEA to be designed is related to medication adherence, and the goal is to design and
implement an intelligent system, which can help patients with common problems related to
management of their medication. The intelligent system, called Medication Coach Intelli-
gent Agent (MCIA), will be modeled as an agent which is rational and has its own goals.
The intelligent system will have to manage different types of information such as the med-
ication plan (or medication regime) of users, as well as preferences and sensor input from
the AR-headset. This information also have to be considered when reasoning and making
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decisions. From a long-term perspective, the MCIA should also evaluate its performance
over time and adapt in order to improve medication adherence of users. A more thorough
explanation of the problem related to medication is presented in Section 2.6.

The rest of the report is organized as follows. In Chapter 2, the areas and concepts used
in this project are introduced, including different issues regarding medication management.
In Chapter 3, some works related to this project is presented. In Chapter 4, a theoretical
framework regarding the MCIA is presented. In Chapter 5, the concepts and algorithms
regarding planning and decision making is presented. In Chapter 6, the system architecture
of the MCIA in the settings of a Microsoft HoloLens is presented. In Chapter 7, an evaluation
of a proof-of-concept prototype is described. In Chapter 8, the presented work and how to
research questions were addressed is discussed. In the last section, conclusions and future
work are outlined.
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2 Background

This chapter aims to present the different areas and concepts used in this project. Initially,
by presenting the definitions of short and long-term experiences.

Short-Term Experience: When there is a defined end point. An end point can be a final
state or goal which if reached, is considered to be the end of the program, task or whatever
activity is taking place. Some examples are the states that ends a video game (e.g dying,
finishing level), or the final step when you are ordering something online.

Long-Term Experience: When there is no defined end point the experience is considered
to be a long-term experience. Another way to put it, is to describe a long-term experience
as a continuous experience.

2.1 Augmented Reality

Augmented reality (AR), is when computer generated objects are placed into the user’s view
of the real world to augment it [3]. This differ from virtual reality (VR), where the user is
fully encapsulated into a virtual world [13].

AR-technology has numerous application areas such as military, medicine, scientific visual-
ization, manufacturing, education, training and navigation [18]. Some particular examples
related to medicine are [26] and [45].

2.2 Context

The definitions regarding context are the same as suggested by [29], which is a research
article called Towards Pervasive Augmented Reality: Context-Awareness in Augmented Re-
ality. This article has been very useful in this work, since it summarizes many existing
works regarding context-awareness and augmented reality.

Summarized, context can be seen as being “any information used to characterize the situa-
tion of an entity. An entity can be a person, a place or a object that is considered relevant
to the interaction between a user and an application, including the user and the application
themselves.“[29]

2.2.1 Taxonomy

The taxonomy of context is based on three high-level categories. These are: context sources,
context targets and context controllers. Context sources are any information that is relevant
to the context or situation. Context targets are what is adapted, or changed, as context
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changes and context controllers are the methods or tools used to decide how to change the
context targets (depending on the context sources).

These higher level categories can also be divided into subcategories and each category is
presented in more detail below.

Context sources can be divided into human factors, environmental factors and system fac-
tors. Human factors compromises both personal factors and social factors. Personal factors
encompass anatomic and physiological states (including impairments and age), perceptual,
cognitive and affective states. Social factors can be summarized as social networks and
places.

Environmental factors are composed of physical and digital factors. Physical factors are
concerned with the real world environment and the digital factors concerns the digital envi-
ronment. Infrastructure factors which are also mentioned in [29], are left out in this report
since they are not considered relevant for the project.

System factors consists of system state, input and output factors (e.g. available at the time).

Context targets consists of input, output and system configuration. During this project, it
will be investigated and explored how information, and components of the system, can be
categorized into these three concepts.

Context controllers can be described as the methods which are used in order to change the
context targets, based on the context sources. Reasoning and decision making strategies are
some examples.

2.3 Planning and Decision Making

The methods and concepts used for planning and decision making is presented in the next
coming sections. The aim is to provide a general understanding of the concepts, before
presenting a more detailed explanation of the planning and decision making processes (pre-
sented in Chapter 5).

2.3.1 Beliefs-Desires-Intentions Model

The Medication Coach Intelligent Agent (MCIA) (to be presented), was formalized as a
beliefs-desires-intentions (BDI)-agent in order model the processes of goal-reasoning and
planning. The BDI-concept is originally based on Micheal Bratman’s theory of human
practical reasoning [21]. Human practical reasoning consists of two activities, i.e. deliber-
ation and means-end reasoning. Deliberation is the first step, where we decide what states
of affairs we want to achieve. Means-end reasoning, is used as a second step to decide
how to achieve these states of affairs [49]. For the MCIA, goal-reasoning is related to the
deliberation-activity and the planning (and re-planning) processes are related to the activity
of means-end reasoning.

In this project, an own interpretation of beliefs, desires and intentions was made. However,
the definitions are based on a general philosophy of the different concepts as follows:

• Beliefs constitutes the information the agent has about its environment.
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• Desires are the goals, which in an ideal world, the agent wishes to accomplish.

• Intentions are the goals which the agent has to committed to achieving.

In this project, beliefs are not just any information. Instead, beliefs constitutes the informa-
tion the MCIA needs in order to deliberate about desires. Information that is not necessary
for deliberation, such as environment and sensor information, are not considered as beliefs.

Desires (also called goals) are divided into two groups called short- and long-term desires.
The long-term desires are related to the philosophy of a long-term experience and the short-
term desires are seen as means to reach the long-term desires.

An important property of intentions, is that they usually lead to some type of action being
performed [49]. Since intentions are goals, there are usually different ways of achieving the
same intention. In this project, intentions will be very closely related to actions in the sense
that a single action will be able to achieve an intention.

A more thorough explanation will be presented later when planning and decision making is
presented in Chapter 5.

2.3.2 Multi-Critera Decision Making

The method chosen for decision making is related to the field of multi-criteria decision
making (MCDM) and multi-attribute utility theory (MAUT) [34]. MCDM is a common
research area, since many real-world problems and decisions are taken considering multiple
criteria for different alternatives. There are three approaches for MCDM [34], and for each
approach there is a variety different methods.

The approaches presented in [34] are the following:

• Full aggregation approach: By using utility functions, it is possible to calculate the
score (utility) of a decision. Based on this score, it is possible to compare all options
and rank them from best to worst, with equal rankings permitted. This is defined
as a complete ranking. This approach allows for a bad score on one criterion to be
compensated by a good score on another criterion.

• Outranking approach: Outranking methods are based on pairwise comparisons.
This means that the options are compared two-by-two by means of an outranking or
preference degree. The preference or outranking degree reflects how much better one
option is than another.

• Goal, aspiration or reference-level approach: This approach defines a goal on each
criterion. The closest options to the ideal goal, or reference level, are then identified.

In order to select an appropriate MCDA method, an approach supported by Guitouni et al.
[30], is to look at required input information (data and parameters), the modeling effort and
the outcomes and their granularity. By using this approach, it was decided to use MAUT
and the Additive Model.
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2.3.2.1 Multi-Attribute Utility Theory

The most common method of MAUT is the Additive Model [34]. There are two versions
of this method, where one uses a utility function to calculate the so called marginal utility
for each criterion and the other does not. In the latter case, the utility of an alternative is
simply the sum of the products cawca, where ca is the value for criterion c w.r.t. a (action or
situation) and wca is the weight for c w.r.t. a. This approach is called the ”simple weighted
sum” [34], but is also referred to as the Weighted Sum Method (WSM) [46]. The WSM is
considered a special case, where all utilities are linear functions [34].

For this project the WSM was chosen, since calculating marginal utilities was not considered
necessary. However, in the future it might be good to explore the possibilities of using
marginal utilities in order to be able to make more sensitive decisions.

2.4 Personalization

Personalization is an important factor in many areas such as advertisement, social media and
recommender systems. A web-site related definition of personalization is the following:

“Personalization is a means of meeting the customer’s needs
more effectively and efficiently, making interactions faster and

easier and, consequently, increasing customer satisfaction and the
likelihood of repeat visits” [6].

In this project, personalization is considered very important when designing long-term ex-
perience applications (LTEAs). The above presented definition corresponds to the approach
used in this project, with one difference. Instead of focusing on getting repeat visits, it is
important to maintain a high user satisfaction during an extended period of time. If the user
for some reason is dissatisfied with the application, it can result in that the application is
seen more as a burden than a tool. This is especially important for LTEAs, since the user
has to endure with the application for a long time.

Demographic personalization [36, 42], is a method for personalization based on attributes
such as age, gender, income and location. Using this method, an initialization can be made
in the beginning as a user profile, and then the personalization is considered finished. How-
ever, even if this initialization is considered necessary, categorizing users based on only
these attributes does not a give a clear picture of each individual user. Luckily, because of
the extended use of the application, there are more possibilities to personalize LTEAs. By
gathering data continuously during usage, it can be possible to personalize for each individ-
ual user to a greater extent compared to only using demographic personalization. If the user
can provide feedback and other types of information during usage, the system can adapt its
behavior continuously in order to better conform to the user’s needs and preferences. Con-
tinuous personalization, is believed to be very important to increase and maintain a high
level of satisfaction of users during a long period of time.

In this project, it will be explored what data can be gathered and how this data can be used
to personalize. An interesting aspect using an AR-headset, is if voice can be used as a way
of retrieving feedback and gathering data, requiring less effort from the users compared to
manual input.
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2.5 Unintrusiveness

Unintrusiveness is considered very important when designing and implementing LTEAs.
According to Cambridge Dictionary, unobtrusive means ”not noticeable” or ”seeming to fit
in well with the things around”.1 For this project, an own definition has been established
in order to better explain what the aim is to achieve. The definition, is based on the second
Cambridge-definition and is defined as follows:

Definition 1. Unintrusiveness
Unintrusiveness is achieved by a.- presenting information in a format that fits well with cur-
rent context; b.- restricting the amount of information presented, in order to avoid presen-
tation of unnecessary information; c.- limiting the number of occasions when information
is presented.

The purpose of unintrusiveness, is to be subtle and sensitive when presenting information
to users. The purpose is not to distract and to draw a lot of attention. Instead, it is about
presenting information in a delicate, yet noticeable, way that fits the current situation or
context.

When using AR-headsets, where the user is always exposed to the possibility of interaction,
it is believed to be especially important to consider unintrusiveness. Presenting information
in ways which does not follow Definition 1, might be seen as annoying, disturbing or even
dangerous.

2.6 Medication Scenario

The research in this project was developed as nurses from home healthcare brought at-
tention to several patients having problems maintaining medication adherence through self
management. Self management includes strategies and activities a person performs in order
to live well with illness and it can be performed by the individual or in collaboration with
a significant other [11, 19, 48]. Patients who are unable to perform health- and medica-
tion related activities as self management, for example handling and taking prescribed pills
and following a medication plan, can get professional help at their homes, so called home
healthcare [11]. A common reason for patients over age 70 to enroll in home healthcare
is they are no longer able to handle their medication through self management and need
professional help.

2.6.1 Patient Groups

For this project, a conceptual categorization of patients have been made to easier understand
the needs of different patients.

From a medication management perspective, the patients have been categorized into three
groups.

• Group 1: Independent and does not rely on help from others for managing their
medication.

1https://dictionary.cambridge.org/dictionary/english/unintrusive
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• Group 2: Partly independent, receives help from relatives or friends, but do not get
professional help.

• Group 3: In need of professional help.

The target group for the research in this project are patients from group 2 and 3. The
purpose is to investigate if AR-technology (using an AR-headset) may be used as a tool to
increase their ability to improve and maintain medicine-related self management, thereby
contributing to them staying independent for a longer time, delaying the need for home
healthcare and facilitate medication adherence.

2.6.2 Rules for Interchangeable Medicines

Many patients have quite many different medicines, as a strategy to simplify handling pills
they use pill dispensers, where the medicine is distributed on a weekly basis. A common
problem for the target group, and a reason why many patients need help with managing
their medication, is the continuous variation regarding their medicines. The names and the
visual appearance of pills and packages differ from time time and this causes confusion, for
both patients and their non-professional helpers, when handling medication and preparing
pill dispensers. This leads to needing a nurse to come to their homes on a regular basis, to
prepare the dispenser for them.

What actually causes the variation is that the pharmacies can deliver different brands for
the same type of medicine. The names and boxes varies with the brand and this makes
the patients insecure and afraid of preparing their dispensers. The underlying reason for the
frequent exchange of medicine brands are the rules for interchangeable medicines which are
applied in most European countries. According to the rules, if a patient gets prescription
for a particular medicine, the pharmacy always has to offer the brand with the lowest price
if the medicines are interchangeable2.

One of the main aims of the Medication Coach Intelligent Agent (MCIA) is to make patients
and their helpers confident enough, using an AR-headset, to prepare their dispensers and
therefore remove or delay the need of home healthcare (nurse). Another priority of the
MCIA, in order to consider a long-term experience, will be to help patients to follow their
medication plans through self management.

2.6.3 Prescription and On Demand Medicines

For this project, a characterization of medicines has been made since there are differences
in how they should be managed by the MCIA.

Medicines to be taken on a regular basis: The prescription label on these medicines state
dose and at what specific times each dose of the medicine should be taken. The goal of the
MCIA is to make sure that the patient takes these medicines at the times they are specified.

Medicines to be taken on demand: These types of medicines are medicines which the
patient can take when he or she feels the need. Examples of common on demand medicines
are pills to decrease pain or anxiety. The information on the prescription label states strength
per dose, minimum time interval between doses and maximum amount of doses allowed in

2https://www.apoteket.se/kundservice/receptlakemedel-sa-fungerar-det/
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24 hours. The goal of the MCIA will be to make sure that the user does not exceed the
maximum dosage per day and occasion.

2.6.4 Problem and Motivation

The problem as been described, arises from the rules regarding interchangeable prescription
medicines [1] and causes problems and frustration for patients as well as for nurses within
the home healthcare.

Patients have expressed their frustration for not being able to prepare their pill dispensers.
”If only I could get the same medicine all the time” - is a common expression according
to nurses from the home healthcare. Being independent as long as possible is also valuable
for many elderly people [12], and they can also feel like a burden when a nurse has to come
and help them with this task.

There is of course also an economical point of view. Countries like Sweden, where the
elderly care is mostly financed by the county council, could save money by reducing the
number of people in need of professional assistance. There is no statistics of how many
people there are who needs help with preparing their dispensers and not with anything else,
but according to nurses, it is a common issue. Due to the lack of nurses in Sweden ([10],
[4]), it could also save time and reduce stress for active nurses.
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3 Related Works

This chapter aims to give a brief overview of works related to this project. The presented
works are related to ”augmented reality in healthcare” and ”tools to increase medication
adherence”.

In [25], the authors explored the possibilities of using smart-glasses (AR) within the system
called Trauma Tracker, to assist doctors and other healthcare-personnel in emergency situa-
tions. The smart-glasses were connected to different types of medical equipment and could
be used to display important information for the person wearing them. The smart-glasses
could also be used to record video/audio or to take snapshots of the process.

Mitrasinovic et al. concluded that smart-glasses have evident utility to healthcare profes-
sionals [39]. A major advantage mentioned by Mitrasinovic et al. is that the glasses are
hands-free which liberates the users from giving manual input.

A concept to send context-aware reminders to users in order to improve medication adher-
ence was presented in [37]. They argued that sending reminders should depend on other
factors than time, since there are a lot of scenarios where time-based reminders can fail.
Results showed that the concept proved to be better compared to time-based reminders,
which motivates the need of being context-aware.

An interesting article about using a humanoid robot to support elderly peoples’ everyday
life [44], related to medication adherence. They wanted to help the user to select the right
medicine to take, prevent the user from taking the wrong medicine, helping the user remem-
bering to take the medicine, keep a record of all medicine intakes and allow administers to
remotely edit prescriptions. Their prototype showed that there is potential in using a hu-
manoid robot and by using a robot (NAO in this case), it is possible to handle additional
problem domains such as emergency situations.

General tools to improve medication adherence for patients are smart dispensers (e.g. [9]),
robots (e.g. [8]) and applications to mobile devices (e.g. [5]). The general functionality of
these devices is to remind the patient to take the medicine and to help them with taking the
right medicines. The vision of this project is to combine all of these common features and
to add a more intelligent behavior.

An approach to combine short- and long-term search personalization was to use current
session history, history prior to the current session and an aggregation of both [20]. A
temporal weighting was used in order to prioritize regarding time. It was concluded that
it is beneficial to use long-term history in the beginning of a session and that short-term
history (session history) proved to yield more benefits as the session proceeded.

Smart homes to help people live with chronic illness are other examples of long-term expe-
rience systems. A definition of a smart home is “...an application of ubiquitous computing
that is able to provide user context-aware automated or assistive services in the form of
ambient intelligence, remote home control or home automation”[15]. In order assess states
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of the residents and their environment, smart homes relies on data acquisition equipment
along with algorithms and methods to process the data. Artificial Neural Networks, Hidden
Markov Models and Dynamic Bayesian algorithms are some methods which can be used
to identify activities of residents [15]. It was also mentioned that multi-agent systems are
effective in terms of overall system performance when agents have different purposes.

Some works related to medication adherence, and a few works regarding the long-term per-
spective, have been presented. Context-awareness and personalization are recurring topics,
which puts emphasis on the need of of considering them while designing these types of
systems. Information has to be gather and processed in order to provide useful and person-
alized services to each user. Hence, representation and modeling of available information,
as well as methods used for processing the information, are considered very important when
addressing these types of problems.
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4 Theoretical Framework

The aim of this chapter is to formally introduce the different data sources handled by the
MCIA. The goal with these definitions, is to obtain a deeper understanding of the modeling
of the problem.

4.1 Definitions

In order to keep track of when a user should take certain medicines, and also to keep track
of the user’s medication adherence, time has to be represented. Because of the continuous
process of being on prescribed medicines on a regular bases, time needs to be represented
as both a date and a specific time. It is not suitable to only consider specific times one day
at a time, since something that happens one day may affect the next.

Definition 2. Time
A time point t is a pair 〈d,c〉, such that t ∈ date× clock. The set of all possible time points
is denoted by T .

Example 1. Time
Let t be a time point

t = 〈2018−04−05,12.40〉

Time intervals are used to represent when something should or should not happen. E.g.
a medicine should be taken in the morning, or a medicine should not be taken at the same
time as another medicine.

Definition 3. Time interval
A time interval δ is a pair 〈t1, t2〉, such that δ ∈ T ×T . The set of all possible time intervals
is denoted by I .

Example 2. Time interval
Let δ be a time interval

δ = 〈t1, t2〉

t1 = 〈2018−04−03,08.00〉

t2 = 〈2018−04−03,14.00〉

A medicine can be either a prescribed (regular basis) medicine or a non-prescribed on de-
mand medicine such as painkillers (be aware of that there can be prescribed on demand
medicines as well). A particularly important attribute of a medicine is its Anatomical Ther-
apeutic Chemical (ATC)-code. The ATC-classification is an internationally accepted clas-
sification system, based on active ingredients and their therapeutic, pharmacological and
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chemical properties [2]. If a medical database is available, the MCIA can use ATC-codes to
retrieve a lot of important information such as the medicines’ active ingredients. Another
reason why the ATC-code is important is that the same type of medicine can have dif-
ferent manufactures, and therefore different names and boxes, while still having the same
ATC-code. By using the ATC-code as an identifier, there is no need to consider different
manufactures. In this project however, no medical database will be available and therefore,
the active ingredient will be added as an attribute. The set of ATC-codes is denoted by
ATC codes and the set of active ingredients is denoted by Active ingredients.

Another important attribute, in the absence of a medical database, is the concentration of
the active ingredient. This is mostly relevant for on demand medicines, since there is no
strict plan to follow. Instead, it is important to know that users do not exceed the maximum
dosage for the occasion and for the day.

The fourth attribute of a medicine is its priority. The priority gives the MCIA information
about how important it is for a user to take a certain medicine. A higher priority means
that the MCIA should be more persistent in terms of sending reminders and other types of
information to make sure that the user takes the medicine.

Lastly, in the case of a prescribed medicine, it is specified at what time interval the patient
should take the medicine.

The definition of a medicine is the following:

Definition 4. Medicine
A medicine m is a tuple of the form 〈ε,ς, p,δ,α〉, such that m ∈ ATC codes×R× [0,1]×
I×Active ingredients. The concentration ς is represented in milligrams, and the set of all
possible medicines is denoted by M .

Example 3. Medicine
Let m be a medicine

m = 〈C09AA02,5,0.8,δm,enalapril〉,

δm = 〈t1, t2〉

An event is something that happens and which should be acknowledged by the MCIA. For
example, if a reminder is presented to a patient whereupon the patient takes the medicines,
the MCIA should notice that event and not present any more reminders regarding the same
medicines for the same occasion. Events could also be things like eating food, drinking
milk or other things that might have an impact, or have an effect, on the user’s medication.
This project however, only considers events regarding taking of a medicine.

An event is defined as follows:

Definition 5. Event
An event e is a pair 〈m, t〉, such that e ∈M ×T . The set of all possible events is denoted

by E .

Example 4. Event
Let e be an event

e = 〈m, t〉

m = 〈C08CA01,5,0.8,δm,amlodipine〉

t = 〈2018−04−06,11.00〉
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In order to manage medicines in a sound and safe way, constraints needs to be handled by
the MCIA. A constraint can be three things. Firstly, it can be a medicine incompatibility, i.e.
some medicines should not be taken at the same time as others, since it may have an impact
on the effect of one or both of the medicines [14]. Secondly, there are time constraints.
For example, if you take an on demand medicine (such as regular painkillers), you have to
wait a certain amount of time until you can take it again. Thirdly, there can be a maximum
dosage, or amount, within 24 hours.

The different constraints apply to most of the prescribed medicines as well as for the on
demand medicines. However, since the prescribed medicines comes with a plan, the main
goal is to follow that plan. This means that the patient should not exceed the dose that is
prescribed by the doctor. Therefore, the maximum dosage constraint will only apply to on
demand medicines such as painkillers. If a medicine is prescribed as on demand, it will be
treated as a regular on demand medicine.

Incompatibility constraints consists of two medicines and a time interval. The medicines
are the ones that are incompatible and the time interval defines the time which has to elapse
between intakes of the medicines.

Definition 6. Incompatibility constraint
An incompatibility constraint cχ is a tuple of the form 〈m1,m2,δ〉, such that cχ ∈M ×M ×I.
The set of all possible incompatibility constraints is denoted by Cχ.

Example 5. Incompatibility constraint
Let cχ be an incompatibility constraint

cχ = 〈m1,m2,δ〉

m1 = 〈C08CA01,5,0.8,δm1,amlodipine〉

m2 = 〈M03CA01,100,0.2,δm2,dantrolene〉

δ = 〈t1, t2〉

Minimum time constraints consists of a medicine and a time interval. The time interval
represents the time which has to elapse between intakes of that particular medicine.

Definition 7. Minimum time constraint
A time constraint ct is pair of the form 〈m,δ〉, such that Ct ∈M × I . The set of all possible
minimum time constraints is denoted by Ct .

Example 6. Minimum time constraint
Let ct be a time constraint

ct = 〈m,δ〉

m = 〈C08CA01,5,0.8,δm1,amlodipine〉

δ = 〈t1, t2〉

Maximum daily dosage constraints consists of a medicine, maximum allowed dosage mea-
sured in milligram (mg) and a time interval. Once again, the time interval represents the
time for which the maximum dosage should not be exceeded.
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Definition 8. Maximum daily dosage constraint
A maximum daily dosage constraint cd is a tuple of the form 〈m,d,δ〉, such that cd ∈M ×
R× I . The set of all possible maximum dosage constraints is denoted by Cd .

Example 7. Maximum daily dosage constraint
Let cd be a time constraint

cd = 〈m,d,δ〉

m = 〈C08CA01,5,0.8,δm1,amlodipine〉

d = 20

δ = 〈t1, t2〉

A medication plan is the general plan which the MCIA wants the patient to follow. It is
the foundation of the goals of the MCIA, and it is the adherence to the medication plan that
will be the primary source of feedback of how well the MCIA performs. The medication
plan, consists of a list of all prescribed medicines and a set of constraints which should be
considered when managing these medicines.

Definition 9. Medication plan
A medication plan MP is of the form MP = 〈(m1,m2, . . . ,mn),µ〉 such that mi ∈M (1≤ i≤
n), µ = {C1,C2, . . . ,Cn} and Ci ∈Constraints (1≤ i≤ n).

Medication adherence is the measure of how well the patient is following his or her medi-
cation plan. This is important information for the MCIA, since it can be seen as the result of
its actions and decisions. Medication adherence can be divided into two parts, namely the
overall adherence (how well the patient is following the medication plan) and the individual
adherence for a specific medicine. It is not easy to measure adherence since there are many
factors which it depends on. For example, skipping one medicine one time might be fine,
while skipping another is not. Elementary factors of estimating adherence is the priority of
each medicine, which indicates how important it is to take the medicine, and the history of
intakes (compliance of the plan).

The definitions of adherence are presented in Definition 10 and 11. An adherence function
will be used to calculate the adherence.

Definition 10. Medication adherence for individual medicines
The adherence measure of an individual medicine βm is defined as βm = f1(γm, p), where
f1 = an adherence function for individual medicines, p∈ [0,1], γm = the history for medicine m.

Definition 11. Medication adherence in general
The overall adherence measure π is defined as π= f2(∑

n
0 βmi), where f2 = an overall adherence function,

βmi = the adherence for medicine mi.

The adherence functions f1 (w.r.t. Definition 10) and f2 (w.r.t Definition 11) are basically
distance functions between the current state of adherence and the intended medication plan.
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4.2 General Data Representations

There are many different types of information which the MCIA has to consider when plan-
ning and making decisions. The process of planning and decision making is presented in
Chapter 5, and the rest of this chapter aims to present how general data is represented.

All general information data is represented as an information variable. An information vari-
able is a pair of the form 〈n,v〉, where n is a propositional atom that describes what the vari-
able represents (such as a preference or context factor) and v∈ [0,1], e.g. 〈pre f ersAudioOut put,0.4〉
or 〈noisy,0.8〉.

An information variable can indicate either preference or presence as illustrated by the
examples below.

Example 8. Degree of Preference
Consider that there is a preference called prefersAudioOutput, which is a preference set by
the user. A very high value in this case, means that the user prefers audio output very much,
and the opposite for a very low value.

Example 9. Degree of Presence
Consider that there is an environmental factor, or variable, called noisy. This variable
depends on how noisy the environment is right now. A very high value indicates that it is
very noisy, and a very low value indicates that it is quiet.

4.2.1 Information Variable Types

There are different types of information variables and depending on the functionality of
the application, available sensor information and if communication with other devices is
possible, there can be more or less information variables. For this project, five types of
information variables are used. These are:

• System configuration variables

• User preference variables

• User ability variables (such as vision, hearing and cognitive abilities)

• Environment variables

• Medication adherence variables

System configuration variables can be compared with the system configuration from the
definition of context targets in Section 2.2.1. These represents the priorities of the MCIA
according to its goals. As the context changes, the system configuration variables will be
adapted as well.

User preference variables represent the preferences of the user. It can be anything that
can be set and adjusted manually by the user. An important observation however, is that
these differ from regular settings (such as choosing a language). The criterion for a user
preference variable is that it has to be considered by the MCIA when planning or making
decisions.
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User ability variables represent the user’s ability to interact with the MCIA and the envi-
ronment. These variables can be physical such as vision, hearing and speech abilities, or
cognitive such as memory disorders.

Environment variables represent information that can be retrieved from the environment.
All sensors on the AR-headset, such as microphone, information from camera etc. are
included. If the AR-headset can communicate with other devices such as in the internet of
things [16], then the MCIA may have access to several different types of information. This
information can be used to adapt to different contexts, but reasoning with all these context
variables may need an own reasoning component by itself. An environment agent [40], is
presented in the architecture of the MCIA in Chapter 6. The purpose of the environment
agent is to manage communication with other devices and supply his information to the
MCIA as environment variables. Therefore, all information which can be retrieved from
sensors, and by communication with other devices, is classified as environment variables.

Medication adherence variables represent how well the user is following his or her medi-
cation plan. For each medicine in the medication plan, there is an information variable rep-
resenting the adherence for that particular medicine. There is also an information variable
representing the overall adherence. All of these variables are calculated using Definition 10
and 11.

User preference variables, user ability variables and environment variables are categorized
as context sources (as human fators and environmental factors), as described in Section
2.2.1. The medication adherence variables can be seen as both context-sources and context-
targets. From the context-sources perspective, mediction adherence variables are classified
as system factors. System factors are an important part of the system state when making
decisions and also when reasoning about long-term goals of the MCIA. From the context-
targets perspective, medication adherence variables are changed according with the user’s
behavior regarding medication. If a user goes from a very good to a very bad adherence (or
vice versa), the context has changed and so will the medication adherence variables.



21(54)

5 Planning and Decision Making

This chapter aims to present the planning and decision making process of the Medcation
Coach Intelligent Agent (MCIA). The decision making is based in a multi-criteria decision
making approach, using utility functions, and the planning is based on the beliefs-desires-
intentions (BDI)-model. The BDI-concept is chosen for implementing a practical reasoning
algorithm. A categorization of beliefs, desires and intentions is made as follows:

• Beliefs: In this case, beliefs do not refer to every type of information that is avail-
able to the MCIA. Instead, it refers to the high level information that serves as the
foundation of the MCIA’s goals. In this case, the medication plan and medication
adherence information will be the primary information from which the MCIA will
define its goals. Lower level information such as sensor inputs and preferences does
not have to be considered by the MCIA in this context.

• Desires: Based on beliefs, desires can be derived. For example, by using information
from the medication plan, it is possible to establish both short- and long-term desires.
A short-term desire could be to make sure that the user takes medicine x today, and a
long-term desire could be to improve medication adherence of medicine x to a certain
limit. Desires can be seen as the goals of the MCIA, and something that it does not
have complete control over. Since, it is impossible to know for sure that the user will
do exactly what the MCIA wants.

• Intentions: While desires are used to represent goals of the MCIA, intentions rep-
resents the goals which the MCIA has committed to achieving. Intentions are things
that the agent has control over, which is different from the desires.

All desires (also called goals), which the MCIA has committed to achieving, are called
intentions and for each intention there is a finite set of actions {a1,a2, . . . ,an}. Actions are
basically different ways of achieving an intention and can be seen as the MCIA’s means of
interacting with the environment. The distinction between intentions and actions is a way
of handling high level reasoning (using intentions), while still being able to adapt and be
sensitive to the current situation (by using an appropriate action). An intention is defined as
follows:

Definition 12. Intention
An intention x is a pair 〈ID,α〉, where ID ∈N, α be a propositional atom that denotes the

intention to be performed.

Example 10. Let xr be the intention to send a reminder to a user. Then there is a fi-
nite set of actions {a1,a2,a3} related the intention xr, where a1 = use audio output, a2 =
use visual output and a3 = use audio and visual output.
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Intentions can be seen as different types of actions. All actions of the same type should,
in theory, have the same effect. For example, sending a reminder is considered to have the
same effect no matter the form it is presented in (e.g. audio or visual).

In reality, it may not be true that all types of reminders (and actions in general) have the
same effect. However, in order to be able to plan ahead and still be adaptive to the situation,
this categorization is considered necessary.

5.1 Decision Making

In order to make decisions considering all relevant information such as medication plan
and information variables, a multi-attribute utility theory method [34] is chosen and more
specifically, the Weighted Sum Method (WSM) [46] (also referred to as the ”simple weighted
sum” [34]). The WSM is not chosen because it is believed to be an optimal solution, but
rather for its flexibility. It is also easy to conceptually understand what is going on and how
information is used when making decisions. Some other arguments to why WSM may be
suitable for these types of problems are presented below.

Information variables are compensatory. Having a global rank where a good criterion
can compensate for a bad criterion is usually referred to as the full aggregation approach
[34]. This property is desirable, since the MCIA will deal with conflicting information and
priorities. There can be conflicts between goals of a user and the MCIA, between a user
and the environment, and also between the MCIA and the environment. A simple example
of a conflict between a user and the environment is that, if the user is wearing the AR-
headset while driving, we do not want to disturb the user by presenting visual information
(even using audio may be inappropriate for this case), even though this may be the preferred
way of the user. It is easy to come up with similar examples, like when a user is in a very
noisy environment, it should be more likely that the MCIA presents visual information, even
though the user preference of visual presentation is very low. High values should therefore
be able to compensate for low values, in order to make trade-off decisions.

Information availability. One of the drawbacks with multi-criterion decision making in
general, is that a lot of information have to be specified. In this case however, the informa-
tion should always be available in real time through sensors and internal values.

Before presenting the definition of decision making, a couple of related definitions are pre-
sented, starting with utility weights.

Utiliy weights can be seen as the priority of an information variable regarding a given deci-
sion, and is defined as follows:

Definition 13. Utility weights
Let wxd be the weight for information variable x regarding the decision d, then wxd ∈
{L,M,H} (low, medium or high importance).

An exact numeric value of the weights for the different priorities, is not defined. However,
a value between 0 and 1 will be used for each of the different levels of importance.

The utility function is defined in Definition 14. Information which is not defined explicitly
as a value (such as information in the medication plan), but may still be important when
calculating a utility, will be converted into an information variable using a separate function.



23(54)

This function varies depending on the type of information, but the result will be a number
between 0 and 1 and will therefore be treated as a regular information variable.

Definition 14. Utility function
Let a be an action, and σ1,σ2, . . . ,σn be the positive information variables, then U(a) =
∑

n
0 xiwi where, xi is the value of the information variable σi(1≤ i≤ n), wi be the weight of

the information variable σi.

The utility function U(a), uses information variables with utility weights to calculate the
utility of an alternative a. Only positive information variables are used in the calculations.
Positive, simply means that if the information variable has a high value, it should increase
the utility for the given alternative. This is chosen for simplicity of the calculation, but it
puts some requirements on what information variables there must be in order for the utility
function to be fair. Competing alternatives should always depend on similar information
variables, which means that they should have the same importance and have a similar pur-
pose. This problem could be addressed by setting a weight which corresponds to the exact
value of the importance of the variable, but it is very hard to exactly define the importance of
an information variable for a given decision. Instead, weights are merely a rough estimation
of how important an information variable is.

A decision of choosing the best alternative is taken using Definition 15. This is the same
definition which is used when choosing the best action of an intention.

Definition 15. Decision making
Let D be a decision and a1,a2, . . . ,an be competing actions, then
D = max(U(a1),U(a2), ..,U(an)) such that U(ai) is the utility function which calculates
the utility of ai(1≤ i≤ n).

5.2 Planning

The concept of planning will now be presented. First, a couple of definitions are presented,
regarding the internal state and the goals of the MCIA.

The internal state represents the finite set of beliefs of the MCIA as well as the user profile
information. All types of information variables, presented in Chapter 4, lies within the
internal state as well as the so called long-term goals of the MCIA. A long-term goal is a
higher level goal, which is considered complex to achieve. The long-term goals are related
to the behavior of the user over a long time and goes directly to the philosophy of a long-
term experience application (LTEA).

In order to reach the long-term goals, the MCIA establishes the so called goals of the day
(GOTD). The GOTD can be seen as sub-goals (or short-term goals) in order to reach the
long-term goals. In order to reach the GOTDs, a daily plan of intentions, later referred to as
plan is used.

The definition of a plan will now be presented. A plan is simply a list of pairs of intentions
and their related pre-conditions.

Definition 16. Plan
Let δ be a plan δ = [(x1,θ1),(x2,θ2), . . . ,(xn,θn)] where each xi(1≤ i≤ n) be an intention,
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θi = [l1, l2, . . . , ln] be a finite list of boolean pre-conditions. All pre-conditions have to be
true in order for the intention to be executed.

A pre-condition is any information in the internal state of the MCIA which has to be in a
certain state if the intention is to be executed. Simple examples of pre-conditions, are that
an intention should never be executed if the goal of the intention already has been achieved.
E.g. if the user already has taken a medicine, it is unnecessary to send reminders about the
same medicine for the same occasion. A pre-condition, related to reminders, can therefore
be that the user must not have taken the specified medicine already. Other examples of
pre-conditions, can be related to the different constraints defined in Section 4.1. E.g if the
user has just taken a medicine, he or she can not take another medicine, if these two are
incompatible.

The internal state will be updated continuously, by observed events, which can affect pre-
conditions making them either true or false.

The plan of intentions (referred to as plan) will be constructed using the internal state.
This plan will be created on a daily basis and planning will take place over a specific time
period. By practical reasons, it is assumed that this planning process will take place during
nighttime. This means that when the user wakes up, the plan for the day has already been
made and only re-planning using the event-driven process is necessary. The reason why it
is referred to as an event-driven process is that events can be seen as triggers that changes
the internal state of the MCIA. Therefore, in the case of an event, the MCIA should check
for interactions with the plan and re-plan accordingly.

5.2.1 Algorithms

The daily planning algorithm, called Goal Reasoning Algorithm, can be seen in Algorithm
1 below.

Algorithm 1 Goal Reasoning Algorithm

1: procedure PLANGOALSOFTHEDAY(internalState)
2: goalsO f T heDay← f indTodaysGoals(internalState) . e.g. derive goals from

medication plan
3: Plan plan← new Plan()
4: for all goal g in goalsOfTheDay do
5: intentions← f indIntentions(g)
6: for all i in intentions do
7: u←Utility(i, internalState) . using WSM
8: if u > minLimit then
9: preConditions← f indPreConditions(i,g, internalState)

10: plan.add(i, preConditions)
11: return plan

As presented on row 2, the findTodaysGoals-function uses the internal state, in order to find
the GOTDs. As mentioned, the GOTDs are sub-goals in order to reach the long-term goals.
In the case of medication, the medication adherence variables are used as an estimation
about how well the user follows his or her medication plan. If the adherence value for a
medicine indicates very bad adherence, a long-term goal might be to increase this value
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to a certain limit. A GOAD can then be to make sure that the user takes that medicine as
prescribed, in order to get to closer to that limit.

When the GOADs have been established, intentions to reach these goals have to be iden-
tified. Consider the example where a GOAD is to make sure that the user takes medicine
x. All intentions who’s purpose is to remind, or persuade the user, into taking medicine x
will then be identified. However, since there might be quite many intentions, some sort of
filtering have to be made. It may not be a good idea to spam the user with every possible
intention, since it may be seen as annoying and intrusive. In order to filter, the Weighted
Sum Method (WSM) is used to calculate a utility for each intention. If the utility is consid-
ered high enough, the intention will be added to the plan. The so called minLimit (row 8 in
Algorithm 1) is a pre-defined constant.

Before adding an intention to a plan, all pre-conditions have to be identified as well (row 9
in Algorithm 1). As mentioned, a pre-condition to an intention, who’s goal is to make sure
that a user takes a medicine, can be that the user has not already taken that medicine.

The computational cost of Algorithm 1, is determined by the complexity of the findTo-
daysGoals-function. The problem of finding GOADs, is considered to be a weighted max-
imum satisfiability problem (Weighted MAX-SAT). Solving Weighted MAX-SAT problems
are hard and belongs to the family of NP-complete problems [31]. In this scenario however,
there are not that many variables which have to considered. The long-term goals, the med-
ication plan and the medication adherence variables are the primary information sources.
For each user, it is likely that these information sources will be quite small, since they are
limited to the number of medications prescribed to each user.

The event-driven process algorithm is presented in Algorithm 2.

Algorithm 2 Event-Driven Planning Algorithm

1: procedure EVENT-DRIVEN PROCESS(internalState)
2: while Today do . While still chasing the GOAD from the Goal Reasoning

Algorithm.
3: if Observed(event) then
4: internalState = updateInternalState(internalState,event)
5: for all intentions i in plan do
6: preConditions← plan.getPreConditions(i)
7: for all preConditions p in preConditions do
8: if p = f alse then
9: newIntention = rePlan(i, internalState)

10: if newIntention 6= null then
11: preConditions = f indPreConditions(newIntention)
12: plan.replace(i,(newIntention, preConditions))
13: else
14: plan.remove(i)
15: break . Break inner for-loop

When an event is observed, the internal state is updated and all pre-conditions for each
intention in the plan will be checked for validity. If a pre-condition no longer is true, a re-
plan of that intention will be made (row 9). If the rePlan-function returns a new intention,
the pre-conditions related to that new intention will be identified, and the old intention will
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be replaced. For example, consider an intention to present a reminder regarding medicine x
and medicine y. Pre-conditions to that intention would then be that the user has not taken
either of the two medicines. If the user has taken medicine x, all pre-conditions are no
longer true, but it can be re-planned into a reminder only considering medicine y. However,
if the goal of the intention is achieved, the rePlan-function will return null and the intention
will be removed from the list.

The computational cost of Algorithm 2, is determined by the rePlan-function. The main
purpose of the rePlan-function, is to check if the current intention can be replaced by an-
other intention. This is not too computationally expensive, since it is enough to check the
goals of the current intention and compare them with the related pre-conditions. If parts of
the goal is achieved, the purpose of the new intention will be to achieve the remaining parts.

Considering that this algorithm will be used every time an event is observed, it is important
that it is not too computationally expensive. By splitting the planning of the GOADs and
the re-planning of intentions (in order to reach the GOADs), it is possible to reduce the
computational workload during time of active usage.
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6 System Architectures

In this chapter, a proof-of-concept prototype of the MCIA is described.

6.1 Intelligent System

The MCIA has been embodied as a smart augmented reality (AR) mHealth application in
the settings of a Microsoft HoloLens. This AR-mHealth application was designed as a long-
term experience application (LTEA). The internal reasoning process of the MCIA follows
the beliefs-desires-intentions (BDI)-model. The BDI approach was chosen to handle a prac-
tical reasoning algorithm (Algorithm 1). The general architecture of the system is presented
in Figure 1. The architecture consists of three major components, the MCIA, external agents
and databases. The external agents and the databases provides the MCIA with the infor-
mation it needs in order to supply the services to the user. The external agents, which are
called acvity agent and environment agent, are inspired from the work presented in [40] and
are also BDI-agents. There are mainly two purposes of the activity agent. The first is to
recognize events (Definition 5 in Section 4.1). It is not possible to recognize events by only
using the AR-headset (in this case Microsoft HoloLens), unless they are given as explicit
input. The second purpose is to recognize general context information, such as activities
of the user. The purpose of the environment agent is to manage communication with other
devices in the environment and to provide this information to the MCIA.

The user profile, in the internal state (Figure 1), holds information about the user of the
system. The user profile information that is considered important for the MCIA is presented
in Figure 2. Allergies can be modeled in terms of constraints and the rest of the information
is modeled as information variables. User preference- and user ability variables, presented
in Section 4.2, represents most of the information in the user profile.

6.2 Reasoning Loop of the Medication Coach Intelligent Agent

The reasoning loop of the MCIA can be seen in Figure 3. The Goal reasoner, in the top
level, represents the module used to derive long-term goals. The aim was to implement this
module using Answer-Set-Programming [17]; however, there was no available tool for C#.
The same scenario goes for the Medication adherence-functions (middle level).

By using the architecture in Figure 3, proactive, reactive and autonomous behavior emerges.

Proactive behavior emerges by reasoning about the intentions in the plan and also by ac-
tions executed in order to achieve those intentions, e.g. presenting different reminders to the
user. Reminders are also context-aware regarding time, but in our proof-of-concept, also by
simulated information from the environment.
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Figure 1: System architecture

Figure 2: User profile

Reactive behavior emerges by using input to directly trigger some behavior, e.g. by using
voice commands and information regarding the user’s vision (using the AR-headset), it is
possible to display information regarding medicine boxes.

Autonmous behavior emerges by reasoning about long-term goals and also by reasoning
about the goals of the day (GOADs). By evaluating the behavior of the user, it is possible to
adapt the reasoning process, e.g. if the distance to a long-term goal increases, it will affect
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Figure 3: Reasoning loop

the reasoning of the GOADs.
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7 Evaluation

This chapter will explain how the evaluation was conducted and the results will also be
presented.

In order to show the feasibility of the presented approach, a usability evaluation of the proof-
of-concept prototype of the MCIA was done. The aim of the evaluation was to answer the
following questions:

• Is there a difference, related to age, regarding if people are willing to use an AR-
headset for medication management?

• Is there a difference, related to experience of using smart technology, regarding if
people are willing to use an AR-headset for medication management?

The functionality involved presenting information about medicine boxes regarding two fea-
tures namely, helping the user to use a medicine at this moment and to help the user to
prepare a dispenser. The evaluation involved 15 participants who were chosen based on the
following criteria:

• Different levels of management of medication on a regular basis.

• Wide range of ages (medication management applies to people of all ages, not just
elderly).

• Different experiences using smart technology in general.

Demographic information about the participants regarding age, gender, profession, experi-
ence with using medication and experience using smart technology is presented in Figures
4-8. One participant forgot to give his age, hence there are only 14 answers in Figure 4.
However, an approximate age was provided. Therefore, all other age-related distributions
includes all 15 participants.

7.1 Setting

The setting was a quiet and home-like environment and the participants were able to use
voice, vision and gestures to interact with the system. Both visual and audible output were
presented. Table 1, summarizes the visual information presented to the participants.

After the test, the participants were asked to fill in a form. Responses were on a five-point
Likert-type scale graded from 1 (strongly disagree) to 5 (strongly agree). The lower bound
to agree was made at 4 (4 or 5 = agree). All questions and answers in the evaluation can be
seen in Appendix A.
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Figure 4: Age distribution

Figure 5: Gender distribution

Figure 6: Profession distribution

7.2 Results

The evaluation showed that of all participants, 80% did not perceive the technology hard to
use and only 13% thought that they would need a lot of training before using this technology
in real life. See Table 2 for more information about the distribution.
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Figure 7: Medicaion experience distribution

Figure 8: Technology experience distribution

Table 1 Visual information about medicines presented to test participants

There were a couple of vast differences regarding participants over and under 70 (4 and
11 respectively), and also between experienced smart technology users and those less ex-
perienced (8 and 7 respectively). Of the participants over 70, 50% were willing to use the
technology in the future but none (two answered a 3 though) thought other people would
appreciate the technology. For the participants under 70, the corresponding numbers were
91% and 73%. See Table 3 for more information about the distribution of willing to use in
future, regarding age distribution.
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Table 2 All: Hard to use and require a lot of training

Table 3 Age distribution: Willing to use technology in future

For participants over 70 years of age nobody (0%) considered themselves as experienced
smart technology users, while 73% of the people under 70 considered themselves as experi-
enced. The distribution of willing to use in future and believe that others would appreciate
the technology, for experienced smart technology users, can be seen in Table 4. Of all expe-
rienced participants 100% were willing to use this technology in the future and 88% thought
other people would appreciate the technology.

Table 4 Experienced smart technology users

Of all participants, 60% were willing to use the technology right now. The most repre-
sentative group was the experienced smart technology participants (78%). There was a
difference between the age groups, where 73% of the participants under 70 were willing to
use the technology now and 25% of the participants over 70 were willing to use it now.

Regarding the user experience, it was appreciated to use voice as output. Of all participants,
93% percent appreciated hearing voice instructions. Only 40% however, thought that they
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would appreciate using voice as input. Once again, there was a difference related to age. Of
the participants under 70, 45% appreciated using voice as input. For participants over 70,
the corresponding number was 25%.

Table 5 All: voice as input/output
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8 Discussion

This chapter will discuss how the research questions were addressed and the advantages and
limitations of the introduced solutions.

The major research question in this project was to investigate how long-term experience
applications (LTEAs), can be designed as AR-applications using AR-headsets. Four ar-
eas, which were considered important when designing and implementing LTEAs for AR-
headsets, were identified. These were planning, personalization, unintrusiveness and context-
awareness. In order to explore how to design a LTEA, considering these four areas, an intel-
ligent system related to medication adherence was designed. A proof-of-concept prototype
was also implemented, in the setting a Microsoft HoloLens, and a useability evaluation was
conducted. The purpose of the evaluation was to investigate the potential of using AR-
headsets to address the problems of medication adherence and for similar problems related
to the behavior of users. Hence, a major aim of the evaluation was to investigate if people
are willing to use this type of technology as a tool for dealing with these problems.

8.1 Long-Term Experience Application

The LTEA, called Medication Coach Intelligent Agent (MCIA), was designed as a formaliza-
tion of a beliefs-desires-intentions (BDI)-agent. The knowledge base (beliefs) of the MCIA
was constructed using the definitions in Section 4.1. From the beliefs, long-term goals
(long-term desires) could be derived. In order to reach these long-term goals, sub-goals
(short-term desires) were identified on a daily basis. A daily plan of intentions (referred to
as plan) was constructed in order to reach these sub-goals. During the day, as the context
changed (through events), the plan was adapted in order to provide better services to the
user.

An architecture of the MCIA (Figure 1 in Section 6.1) was designed which, in theory, is
fully implementable using a Microsoft HoloLens. The architecture of the reasoning loop of
the MCIA (Figure 3 in Section 6.2) is also implementable. A solution to embed Answer-
Set-Programming (ASP) directly into the Microsoft HoloLens was not found. However,
by using DLVService1, it is possible to access DLV through a REST-based web-service.
An advantage with using external agents and DLVService, is that it is possible to reduce the
workload for the AR-headset itself. Since battery life is a critical issue, the workload should
be reduced as much as possible.

The architecture and reasoning-loop are considered complete and to include all necessary
components to provide the desired functionality of the MCIA. However, one disadvantage
with the architecture is that it requires a wireless network connection. If DLVService is
used, a network connection is needed at all times, but in the future it may be possible

1https://www.mat.unical.it/ricca/aspide/dlvservice.html
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to embed all necessary components within the AR-headset itself. This would reduce the
need of a network connection to only be required for updates from the databases and for
communication with other devices (if Bluetooth can not be used).

8.1.1 Planning and Decision Making

Planning for this LTEA, called MCIA, was solved by using Algorithm 1 and Algorithm
2. The algorithms are based on the BDI-concept. Algorithm 1 will create a higher level
plan, so called plan of intentions, for the day during nighttime. Algorithm 2 will be used
during the day to re-plan as events are observed. By using two separate algorithms, with
different purposes, it is possible to decrease the workload during the time of active usage.
Algorithm 1 is considered more computationally expensive, since it will derive goals of
the day (GOADs). The process of deriving GOADs is considered as a weighted maximum
satisfialbility problem, which is a NP-complete problem [31]. When the plan is created
however, the GOADs are already established and Algorithm 2 only have to consider re-
planning of the intentions in the plan.

Decision making for the MCIA was solved by using a multi-attribute utility theory (MAUT)
method, called the weighted sum model (WSM). The utility function (Definition 14 in Sec-
tion 5.1) uses information variables (presented in Section 4.2) and utility weights (Definition
13 in Section 5.1). The process of taking a decision, defined in Definition 15 in Section 5.1,
is simply to choose the alternative with the highest utility.

In order to be able to plan ahead, while still be able to adapt to different situations, the
concept of intentions and actions was introduced. Intentions, which are used when planning,
all have a finite set of actions. When it is time to execute an intention, an appropriate action
will be chosen in real time (using Definition 15). A limitation of using this concept, is
that all actions belonging to the same set, are considered to have the same utility when
planning. This might not be true for all cases. Consider the example of sending a reminder
to a patient, then it is possible that the utility of the reminder depends on which format it
is presented in (visual, audible or both). However, the benefits of using this approach, in
terms of unintrusiveness and context-awareness, are considered more important than this
limitation.

There are a few other limitations related to reasoning and decision making as well. It is
hard to reason about goals (both long-term and short-term) and it was not fully investigated
exactly how this process should be performed. By using Answer-Set-Programming (ASP),
it is believed that the efficiency and performance should not be a problem. However, it can
be hard to define the logical programs in a way that ensures that the results are correct.
The same problem occurs with the decision making process. In order to make sure that
the MCIA takes the right decisions in different situations, the decision making needs to be
tested. Moreover, the so called utility weights, should be learned by using some sort of
learning method. It could also be good to investigate use of marginal utilities as mentioned
in Section 2.3.2. It is believed that by using marginal utilities, the decisions can be taken
with better accuracy. However, this also adds more complexity in terms of more advanced
utility functions.

It would also be interesting to model the decision making as Markov Decision Processes
(MDPs) [43]. There is uncertainty involved regarding the actions of the MCIA, since the
result of actions (in terms of users’ behavior) never can be predetermined. MDPs are used to
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model decision making with uncertainty, and it might therefore be interesting to investigate
the possibilities of using MDPs.

8.1.2 Personalization

The major purpose of personalization, as considered in this project, was to maintain a high
level of satisfaction of users. If the users do not feel like the MCIA meets their requirements,
there is a chance that they will stop using the application. Personalization is handled at two
different levels.

The first level considers information obtained from the databases, such as the medication
plan for each individual user, and the information obtained explicitly from the user, such
as preferences and other information in the user profile. This information constitutes the
foundation of how the MCIA should act in order to fit the needs of a user.

The second level is a continuous process for long-term personalization, where feedback
regarding the actions of the MCIA and the user’s behavior is evaluated. The users’ behav-
ior, regarding taking or non-taking of medicines, is evaluated by updating the medication
adherence variables (defined in Section 4.2) by using the medication adherence functions
(defined in Section 4.1). As these variables changes, the MCIA will change its behavior ac-
cordingly when reasoning and planning. The medication adherence variables are important
when reasoning about long-term goals and goals of the day (GOADs). The utility function
(Definition 14 in Section 5.1), also considers medication adherence variables when creating
the plan of intentions in (Algorithm 1 in Section 5.2).

It would also be possible to collect explicit feedback from users. By simply asking yes or no-
questions, where users can answer with voice, feedback could be collected only requiring
a small effort from users. If the user provides negative feedback regarding an action of the
MCIA, the feedback can be used to adapt certain variables in order to make better decisions
in the future. If positive feedback is obtained, the feedback can be used in a similar way to
increase the likelihood of the same action in a similar situation. However, positive feedback
should be handled delicately to avoid making variables too dominant. By using a feedback-
function, it can be ensured that such problems will not occur.

8.1.3 Unintrusiveness

Unintrusiveness, as defined in Definition 1, is another important factor in terms of maintain-
ing a high level of satisfaction of users. It is especially important considering how exposed
users are when using AR-headsets. Visual and audible information can be presented at
any time, with risk of disturbing users during their on-going activities. It is important to
not present information too often, e.g. sending ten reminders for the same medicine and
occasion may seem unnecessary and also intrusive. According with Definition 1, three
guidelines were established in order to achieve unintrusiveness. These were:

a.- presenting information in format that fits well with current context

b.- restricting the amount of information presented, in order to avoid presentation of
unnecessary information

c.- limiting the number of occasions when information is presented
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Guideline a.-, is related to how the MCIA can be aware of different situations and is dis-
cussed later in Section 8.1.4. Guideline b.-, was never considered during this project since
the information to be presented was already restricted. However, restriction of the occa-
sions when information is presented to users (guideline c.-), is handled when creating the
daily plan of intentions (Algorithm 1 in Section 5.2). By using the so called minLimit, it
is possible to filter away unnecessary intentions from ending up in the plan of intentions.
Unnecessary, simply means that the utility of the intention is considered too low to be exe-
cuted.

8.1.4 Context-awareness

The definition of context which was used during this project was defined in Section 2.2 as
“any information used to characterize the situation of an entity. An entity can be a person,
a place or a object that is considered relevant to the interaction between a user and an
application, including the user and the application themselves.”[29]

Context-information was categorized into three categories, context sources, context targets
and context controllers. The context sources, includes any information which can be rele-
vant to a situation. The internal state of the MCIA, contains most of the information classi-
fied as context-sources, such as medication plan, user profile and information variables. En-
vironment variables are another type of context-sources, located outside the internal state,
which are retrieved in real-time when making decisions.

Context targets were mentioned related to the system configuration- and the medication
adherence variables in Section 4.2.1. Other examples of context targets is the interaction
modailities-component (presented in Figure 1 in Section 6.1). For example, the same in-
formation can be presented in different ways (visual, audible or both), according with the
current context.

Context controllers, are the methods for dealing with context-information. The decision
making and planning methods uses a utility function (Definition 14 in Section 5.1), based
on the WSM, which uses information from context sources in order to calculate utilities
during planning and decision making. The medication adherence functions are also context
controllers, since they affect the medication adherence variables.

In order to be context-aware to a given situation, and also to follow guideline c.- in the
definition of unintrusiveness (Definition 1), the concept of intentions and actions was used.
For each intention to be performed, an action will be chosen in real-time considering infor-
mation from the environment variables, e.g. if it is very noisy, the user should be presented
visual information. In order to gain information about more complicated user activities, the
environment agent (presented in Figure 1 in Section 6.1), can be very helpful. As mentioned,
the concept of actions is also important in order to achieve unintrusiveness. Presenting in-
formation in the right format might affect how intrusive the user perceive the system to
be.

It should also be possible to postpone the execution of intentions if it is required by the
situation. That is, if it is possible and if no action (related to the intention to be executed)
has a utility considered high enough, the intention should be postponed.
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8.2 Medication Scenario Problem

This section aims to discuss how the problems related to medication were addressed and to
what extent.

8.2.1 Insecurity When Preparing Dispensers

The solution to address the problem of insecurity regarding preparation of dispensers for
patients, as presented in Section 2.6, is believed to fulfill its purpose. By presenting visual
information, as in Figure 9 and 10, patients will get the information they need in order
to prepare their dispensers. Audible information was also presented, which was highly
appreciated. However, the question is to what extent people trusts the technology. If users
do not trust the technology and the system, they will still feel uncertain and the problem
will still exist. The confidence users have towards the potential provider of the service, will
most likely be reflected when it comes to the trust of the service itself.

Figure 9: Information about a medicine to take now.

Figure 10: Information about a medicine that should not be taken.

Even though this solution can be implemented, fully operational and offered to the public,
managing medication of users is a serious task. An error made by such a system might have
very serious, or even deadly, consequences. Therefore, the service ought to be controlled
by some sort of authority.
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8.2.2 Medication Adherence

It is not easy to evaluate how well the presented solution can help to improve medication
adherence for patients. However, the MCIA is believed to have potential for improving med-
ication adherence for patients, mainly because of its ability to provide intelligent services
in a proactive, reactive and autonomous way. Compared to other tools to increase medi-
cation adherence, it is believed that an AR-headset can be used to provide similar services
in a different way. The mobility and possibilities regarding interaction is different from
other approaches such as mobile applications and robots, who are either more or less fixed
in one location or different in terms of interaction modalities. The MCIA embedded in an
AR-headset is believed to be an efficient way of providing intelligent services to address
the problems of both intentional and unintentional non-adherence. Helping patients to re-
member to take their medicine, helping patents to take the right medicine and persuading
patients into taking their medicine is the core functionality which can be provided by the
MCIA. However, patients who need physical assistance and who are incapable of handling
medicine boxes and pills, will still need dispenser robots or help from others.

In order to fully evaluate the potential of the MCIA, additional work and evaluations are
needed.

8.3 Technology

Generally, the feasibility of the solution is restricted to today’s technology regarding AR-
headsets and to the extent which people are willing to wear an AR-headset. Especially for
long-term experience applications (LTEAs), it can be seen like an inconvenience to wear
such a headset throughout the day. Moreover, there is a trade-off between the inconve-
nience of wearing them and the benefits provided by the available services. However, as
the technology evolves and the glasses decrease in size, while still maintaining good per-
formance and functionality, and more useful applications are available, the gap between
inconvenience and usefulness might decrease. At some point the inconvenience may seem
like a minor drawback compared to the benefits and if that time comes, AR-headsets may
become the next step in the evolution of how people interact with technology. One ad-
vantage, compared to other mobile devices, is that an AR-headset can display information
directly in the users’ field of view. This takes away the need of switching focus between
task and instruction, and opens up for a more efficient and seamless interaction between
users and the technology.

There are a few problems and limitations with the Microsoft HoloLens specifically, which
complicates the feasibility of the solution and for creating LTEAs in general. The short
battery time (2-3 hours) is believed to be the biggest limitation of the hardware. Some other
negative aspects are the size of field of view, the size and the weight of the headset. Another
drawback is that it is noticeable that you are wearing something other than regular glasses,
since the see-through display is not as transparent as they are.

On the bright side, the functionality and computational power of the Microsoft HoloLens is
believed to be enough for creating (however, not too demanding), LTEAs. The intelligent
system, which was presented in this report, is believed to be implementable and operational
in the setting of a Microsoft HoloLens. Therefore, in order to increase the feasibility of
using LTEAs for AR-headsets, it is believed that the most important things are to improve
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existing functionality, such as size of field view, and hardware (to make the glasses smaller).
Adding new more advanced functionality is not considered as important for the feasibility
at this moment.

For short-term experience applications (STEAs) however, the Microsoft HoloLens is be-
lieved to be very good. The proof-of-concept prototype showed that it is possible to help
users to manage medication by presenting information about medicine boxes. This can be
very helpful for addressing the problem of insecurity regarding preparation of dispensers, as
presented in Section 2.6. Also, the size and battery life are not really a problem considering
the short time usage.
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9 Conclusions and Future Work

A long-term experience applications (LTEA) was designed with focus on planning, person-
alization, unintrusiveness and context-awareness. The LTEA was designed as an intelligent
system, called Medication Coach Intelligent Agent (MCIA), and the goal of the MCIA was
to increase and maintain medication adherence for patients. In order to supply different
services related to long-term medication management of patients, the MCIA was designed
with proactive, reactive and autonomous behavior. Proactive behavior emerges by creating
daily plans in order to reach long-term goals of the user. The daily plans includes intentions
(Definition 12 in Chapter 5) which are means of achieving sub-goals (called goals of the day
(GOAD)) of the long-term goals. Reactive behavior emerges from using sensor information
from the AR-headset as triggers to present information to users. In the proof-of-concept
prototype, users can look at medicine boxes to see information about them. Autonomous
behavior is achieved by evaluating the behavior of users in order to adapt planning and goal
reasoning.

Planning was solved by using beliefs-desires-intentions (BDI)-inspired algorithms, which
uses a multi-attribute utility theory (MAUT) method called the Weighted Sum Method (WSM)
to make decisions. In order to lead with LTEAs, this approach consider both short- and long-
term goals. From the computational point of view, the problem of personalization is a big
challenge regarding planning/re-planning. So, one important question is when to perform
these activities. In this project, planning and re-planning was split into two separate pro-
cesses. A plan for the day was constructed during nighttime (during inactive usage), and
re-planning takes place during daytime as events are observed (during active usage). Con-
structing the initial plan is considered more expensive than re-planning since re-planning
mostly considers to which extent goals are achieved using pre-conditions. If goals are partly
achieved, the plan will be modified to address the rest of the goal.

In order to adapt and personalize, different variables called information variables (Section
4.2) were used to represent information internally of the MCIA. Information variables are
used during planning and decision making and their value will vary over time (as context
changes). To be able to plan ahead, but still be adaptive to the situation, in terms of un-
intrusiveness and context-awareness, a concept of intentions and actions was presented.
While the intentions are used for higher level planning, the actions are chosen in real-time
considering the current context.

In order to fully evaluate the potential of the MCIA, the next step is to implement a complete
version and to make another evaluation. Some especially important areas to test and evaluate
are planning and goal-reasoning. For the complete version, it should also be examined how
persuasive techniques can be incorporated in order to deal with the problem of intentional
non-adherence as discussed in Section 1.1.

The results of the evaluation showed that there is potential for using AR-headsets to ad-
dress these types of problems. The evaluation showed that people who consider themselves
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as experienced smart technology users are positive towards using this type of technology.
Looking at today’s trends regarding the use of smart technology, it is a reasonable state-
ment to say that more and more people will be experienced in the future. Hence, the next
generation of elderly people will most likely be more experienced with smart technology,
compared to today’s generation. This indicates that people in general may have a positive
attitude towards using AR-headsets in the future. In order to fully evaluate the feasibility
of the approach of using AR-headsets for long-term experience applications (LTEAs), more
research have to be conducted regarding potential health risks for wearing AR-headsets
during such long periods. For example, wearing an AR-headset during long periods of time
might affect the user’s vision. It is believed that these types of health risks are not fully
investigated and that it is important to ensure the safety of users. It should also be inves-
tigated how dangerous situations can be avoided, considering that users will wear these
devices during their activities of daily living.

Another observation from the evaluation, is that the participants appreciated hearing voice
as output. However, it was not as much appreciated to use voice as input. It should be
noticed that almost all participants had Swedish as their native language and some of them
expressed discomfort in speaking English, which may have affected their answers.

As a final conclusion, we want to emphasize that it is possible to implement advanced intel-
ligent systems for a Microsoft HoloLens. The development tools, Unity and Visual Studio,
provides a generic environment which works well for designing systems and applications.
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