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Abstract

This work introduces the design and exploratory evaluation of a home reminder system
for medication and healthcare that situates the timing and location of reminders based on
contextual information about the user. The system consists of three major components: 1)
a handheld computing interface for providing reminders, 2) a sensor subsystem integrated
into the home environment, and 3) a central server that manages medical tasks and reasons
over sensor data in real time. A volunteer participant adhering to a complex regimen of
simulated medical tasks is closely observed in a residential research facility. The participant
is presented with both context-sensitive reminders and reminders that are scheduled at
fixed times during the day. The degree of adherence to the regimen, and the participant’s
own assessment of the usefulness of each reminder (while blinded to the reminder strategy
being used), are evaluated over the course of a 10-day study. Quantitative and qualitative
results are provided, comparing the efficacy of context-sensitive reminders over fixed-time
reminders with respect to adherence and perceived value.
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Chapter 1

Introduction

Poor adherence to medication and lifestyle guidance is arguably one of the greatest chal-
lenges facing the healthcare community in the U.S. [33, 6]. According to the American
Heart Association, more than half of all Americans with chronic disease do not follow their
physician’s medication and lifestyle guidance, and nine out of ten make mistakes taking their
medication [5]. The direct and indirect costs of nonadherence are estimated to be over $100
billion annually {16]. Despite extensive research into interventions for assisting with adher-
ence (such as providing reminders at fixed times), systematic reviews of such interventions
(17, 32, 24] have found that even the most effective ones have been complex, labor-intensive,
and not consistently effective. Recent literature indicates that rates of adherence have not

changed over the past three decades [6].

Many complex factors contribute to poor adherence including forgetfulness, complexity of
the regimen, disruption of daily routines, a lack of understanding about the medication, and,
in some cases, intentional experimentation motivated by individual concerns or external
suggestions (e.g., advertising). Of the various factors, studies have shown that “forgetting”

is the most common [23].

Fixed-time reminders compel users to “script out” their domestic routines, even though

home life is often unregimented or unpredictable. This typically results in overly rigid

13



and unworkable reminder schedules. This work explores the idea that the effectiveness
of reminders may be improved if their timing and location is sensitive to the day-to-day
changes in the user’s domestic routines; in other words, if the reminders are context-sensitive

and adapt to behavior.

In this work, a context-sensitive reminder system for medication and other healthcare tasks
is introduced. Two potential benefits of context-sensitive reminders are evaluated: their
impact on overall adherence and their perceived usefulness to the end user. For the scope
of this work, context is defined as: a) location of the person inside the home; b) activities
of interest inferred from objects used; c) a person’s sedentary or mobile state; d) history of

medication taken and health tasks completed; and e) time of day.

Conceptually, the reminder system aims to simulate the ability of an astute caregiver to
respond with appropriate reminders and information. Therefore, the system should have
the ability to sense and adapt to the spontaneity of home life. In addition, it should attempt
to gain the user’s attention at a time when he or she is likely to find it convenient to act on
a reminder. These design goals are realized through the use of simple, unobtrusive sensors,
and a handheld computing interface. The handheld interface is implemented on a PDA - a
familiar device that facilitates the presentation of reminders at any location. Sensors enable
the system to reason about a user’s actions in real time and to provide messages that are

well-situated in time and place.

The key contributions of this work are:

1. Specification of an experimental protocol for evaluating a context-sensitive interven-
tion in a naturalistic, complex environment. A volunteer participant was asked to fol-
low a complex regimen of simulated medication and health tasks in an instrumented
home (living laboratory) for a 10-day period. The participant received two types
of technology-delivered reminders to assist him with these tasks: context-sensitive

reminders and fixed-time reminders.

2. Quantitative and qualitative results from the 10-day study comparing the efficacy of

context-sensitive reminders over fixed-time reminders with respect to adherence and

14



perceived value.

3. A description of the guiding principles that helped create an effective system for

delivering context-sensitive reminders.

4. A flexible framework used to describe the constraints pertaining to medication and
healthcare prescriptions (e.g., timing constraints, activity constraints, drug interac-

tions, missed doses, etc.) in terms of relevant sensor events.
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Chapter 2

State of the Art in Medication
Adherence Aids

This chapter looks at work that has recently addressed the problem of medication adherence,

and concludes with a summary of future trends in enabling technologies.

Table 2.1 categorizes medication adherence systems - both commercial devices and recent
research prototypes. Pill boxes with compartments that organize daily pill doses are fairly
popular because of their low cost. More complex systems with an emphasis on tracking and

reporting have been used primarily in clinical trials {19, 2].

The Medication Advisor [12] is a multi-disciplinary effort at the University of Rochester,
designed to converse with users in real time, using speech-recognition combined with a
knowledge base extracted from an online listing of prescriptions [30]. This work addresses
some knowledge representation problems in providing medication reminders; however, the
focus of this project is on intelligent dialogue-based interaction, and the recognition of
underlying intentions from users’ speech. The interaction for an initial “challenge dialogue”
has been demonstrated, but it has not been implemented and evaluated in a naturalistic

home.
Among systems that sense medication use, most commercial systems track interactions with

17



Intervention Strategy

Example Project(s)

Sensing and Actuation

Medication organizing

Divided pill boxes

Fixed time cues

Compumed [10]

Beeping alarm, LED display

Medication organizing +
Fixed time cues

MedGlider [27]

Beeping alarm, LED display

Careousel [9]

Beeping alarm, LED display

InforMedix [19]

Audio Visual alarm, PDA inte-
grated pill containers

Sensing medication use +
Context-sensitive cues
(where context is
medication use and time of
day).

MD2 25] Button for pill access, beeping
alarm, LED display
AARDEX |[2] Smart cap with EEPROM , mi-

croelectronics circuit, and LED
display

Med-ic Digital Package
[26]

RFID in packaging

Wan [38] RFID in packaging, face-

recognition, speech-synthesis
Floerkemeier; Siege- | RFID in packaging, Bluetooth
mund [14] equipped mobile phone

Fishkin; Wong [22]

RFID in packaging, tablet dis-
play, sensitive weights

Agarwala et al. [3]

RFID in packaging, tablet dis-
play, speech-synthesis

Context-sensitive conversa-
tional agent (where context
is language understanding
and intention recognition)

Ferguson et al. [12]

speech-recognition, speech-
synthesis, computer generated
icon

Sensing medication use
+ Context-sensitive cues,
(where context is med-
ication use, time of day,
and receptivity of the
user (based on location,
activities, and ambulatory
patterns)).

No prior work imple-
mented.

Sensor fusion in instrumented
home.

Table 2.1: Functional categorization of systems that assist with medication adherence

18



pill dispensers (and optionally provide labor-intensive monitoring services), while research

systems frequently use radio frequency identification (RFID) tags.

Although inferring medication use provides a degree of context-awareness, no existing sys-
tem uses integrated contextual information such as location, activities, and ambulatory
patterns of the user to adjust the timing and location of reminders. The innovative as-
pects in prior systems are centered on sensing methods or user interaction. But limiting
context-awareness to the awareness of time and medication provides only an incremental
improvement over the delivery of reminders based upon a fixed paper schedule and an alarm

clock.

This work takes a qualitatively different approach by assuming that cost-effective and re-
liable sensing of medication and health information will be readily available to a compu-
tational system. Current research in medication dispensing devices and mobile biometric
sensing are complementary to this approach, and the focus of this work is on using the
information from such systems within an instrumented home. Three key technology trends

that support this assumption are summarized below.

RFID in Pharmaceuticals. The U.S. Food and Drug Administration is promoting the
widespread use of RFID technology throughout the pharmaceutical industry by 2007.
Companies such as Pfizer and GlaxoSmithKline have announced their intention to

begin using RFID tags to authenticate and trace some of their current products [15].

Mobile Phones in the (not so distant) Future. Mobile phones continue to grow in
popularity as they evolve from accessible communication devices to miniature sensor-
enabled computers that are always within reach. On-board pedometers [11, 29] as well
as RFID [28] and biometric fingerprint [31] readers are some novel yet commercially
available technologies for mobile phones. A ‘Diabetes Phone’ with a glucose meter
embedded into the battery pack [4] is in trial at the Joslin Diabetes Center in Boston

and the Indiana University School of Medicine [8].

Context-Aware Living Spaces. There have been notable advances in the creation of

context-aware environments using simple sensors [37, 39]. Security systems and med-
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ical emergency alert reporting systems represent one generation of sensing that is
already present in many homes [35]. As sensors satisfy privacy, reliability, cost, and
computational needs, more advanced analysis of sensor data is becoming possible. Ex-
isting research systems use machine learning [39], data mining [40], and rule-based (7]
techniques to reason over sensor data streams from objects and appliances in homes,

in order to infer complex user activities.

20



Chapter 3

Design Goals

An important challenge when building a reminder device that models the awareness of a
caregiver is making it astute and subtle in its interaction with users. Details of the two

approaches used to achieve this are presented below.

3.1 Adapting to Everyday Life

While fixed-time reminders can be effective in structured situations (e.g., the office) for
many people, everyday domestic life is complex, unregimented, and difficult to predict in
advance. Although there are times when life at home can seem structured and predictable,
such as when someone gets up in the morning in response to the alarm clock, people are
constantly making small adjustments in these typical patterns to accommodate daily events

(e.g. a late night watching television, an early meeting, illness, etc.)

In this work, simple low-cost sensors distributed in a home are used to obtain useful in-
formation about a user’s actions in real time. Heuristics that associate simple patterns of
everyday actions with common domestic tasks, and in turn, with potentially optimal times
to remind the user about a health task, are employed to trigger reminder delivery. For
example, a simple open-closed sensor on the front door and a wearable accelerometer mea-

suring body motion communicate over a home sensor network, and in combination, trigger

21



Figure 3-1: Examples of adaptive messages on a handheld interface used in this work

a message relevant for a “leaving the home” or “returned home” context, such as those

depicted in Fig. 3-1.

Ideally, an adaptive system should be flexible enough to be trained to recognize new user
activities easily and with a minimum of user intervention. Open areas of investigation to
achieve this type of adaptive system include elaboration of appropriate contexts for proac-
tive reminder delivery for healthcare (e.g., based on commonsense modeling or repeated
observations), identification of the information that is needed about the user’s state and
actions to detect these contexts, and determination of the technological and interaction
requirements for a system that accomplishes the necessary activity detection and modeling.

Chapter 7 attempts to address some of these questions.

3.2 Being Convenient

Medication and healthcare tasks often do not need to be precisely timed; and it may be
safe to complete them during time windows (e.g., “in the morning” or “after dinner”) but

fixed-time reminders do not take advantage of this permitted flexibility.

In (18], Ho and Intille succinctly characterize the most common factors that might impact

the perceived convenience of an interruption (Table 3.1), which could be the presentation
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Factor Description of the Factor

Activity of the user The activity the user was engaged in during
the interruption

Utility of message The importance of the message to the user

Emotional state of the user The mindset of the user, the time of disrup-

tion and the relationship the user has with the
interrupting interface or device

Modality of interruption The medium of delivery, or choice of interface

Frequency of interruption The rate at which interruptions are occurring

Task efficiency rate The time it takes to comprehend the inter-
ruption task and the expected length of the
task

Authority level The perceived control a user has over the in-
terface or device

Previous and future activities The tasks the user was previously involved in
and might engage in during the future

Social engagement of the user The user’s role in the current activity

Social expectation of group behavior | The surrounding people’s perception of inter-
ruptions and their current activity

History and likelihood of response The type of pattern the user follows when an
interruption occurs

Table 3.1: Factors that impact interruptability - reprinted from [18]

of a medication reminder.

This work aims to address the “activity of the user” and the user’s “previous and future
activities” in order to deliver reminders at convenient but medically acceptable times. In-
formation gathered from simple sensors located throughout the apartment is used to model
two features: 1) the distance between the user and the location at which the medication is
stored or the healthcare task is performed, and 2) the activity that the user is engaged in

at the time when the reminder is provided.

The two features are combined to compute a convenience score for every sensor and task.
This score can be summarized in equation 3.1, where C(n, ?) represents the convenience of
providing a reminder for a medication or healthcare task ¢ upon the activation of sensor n.
In the equation, Distance(n, i) represents the distance between sensor n and the location
where the task i is executed (e.g., a medicine cabinet), ActivityBurden(n, 1) is a heuristic

representing the burden of interrupting the primary activity of the user at that moment,
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Figure 3-2: Concept of a convenience score

and «, 3 are normalizing constants for the two features.

C(n,i) = Distance(n, i) * a + ActivityBurden(n, i) * 3

In this work, medication reminders that can be associated with time windows are adjusted
based on the convenience scores of sensors activated by the user and the length of time
available in the window. This model for convenience is admittedly a simplified one. Fig.
3-2 illustrates how it might be applied in a case where medication needs to be taken “in
the evening”. A fixed-time reminder set at 6:30 p.m. may interrupt the user while she
is on the couch, reading. But a reminder triggered by the activation of the study door
open-closed sensor with a high convenience score, a few minutes later, would be medically
acceptable and possibly more convenient because she is close to the medication, and has
already self-interruptéd her task. As the time window progresses, a wider distribution of
sensors (convenience scores) can trigger the reminder. In Fig. 3-2, the system would initially
wait for the user to activate sensors that are close to the medication, i.e., it would try to
be as convenient as possible. If it turns out that the user is not activating any sensors with
high convenience scores, the system would gradually relax its tolerance to lower convenience

scores. As the acceptable time window draws to an end, the reminder might be triggered

when she activates a sensor with a lower score, perhaps in the kitchen.
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Chapter 4

System Design and

Implementation

This chapter describes the design and implementation of a prototype system built for ex-
ploratory evaluation of the ideas in Chapter 3. It differs from a comprehensive system that

might be deployed in real homes in two significant ways.

1. The prototype is customized for use in the PlaceLab research facility {20, 21], a 1000
sq. ft. apartment that consists of a living room, dining area, kitchen, small office,
bedroom, full bath and half bath. The PlaceLab is an initiative of the House_n group
at the Massachusetts Institute of Technology, and TIAX LLC, and is conceived as a
“living laboratory” for the study of technologies in home settings. Fig. 4-1 shows
interior photos of the PlaceLab, and a plan can be viewed in Fig. 4-5. The PlaceLab
offers rich data recording capabilities in a naturalistic home environment. A user
of the system in the PlaceLab could be multitasking, experiencing distractions, and
engaging in other complex behaviors that are difficult to simulate in a traditional

laboratory.

2. The prototype is customized for the experimental framework described in Chapter 5.

The central goal of the experiment is to compare a volunteer participant’s reaction to

25



Figure 4-1: The PlaceLab living room and kitchen area, office, and master bath. The inset
shows a microphone embedded into a cabinet

context-sensitive reminders against reminders that are scheduled at fixed times during
the day. In order to minimize confounds from additional features and to ensure that
the participant remains unaware of the two conditions being compared, the prototype
system has limited functionality. For instance, help with rescheduling medication
doses or summarization of tasks completed during the day are not implemented, be-
cause they are extraneous to the core idea being examined, i.e., “how can detection
of simple sensor patterns be used to provide context-sensitive reminders, and how do

such reminders compare with reminders delivered at fixed times?”

Fig. 4-3 summarizes the interaction between the main components of the system: a subset
of PlaceLab sensors, a handheld interface, and a central reasoning application. Each of

these is discussed in turn.

4.1 PlaceLab Sensor Subsystem

The following PlaceLab sensors [21, 20] are used:

e 70 switch sensors discreetly integrated into the cabinetry, appliances, furnishings and

26



Figure 4-2: Researcher trying on a wireless accelerometer

fixtures. These detect on-off and open-closed events, such as the opening of the
refrigerator, the shutting of the linen closet, or the lighting of a stovetop burner.
In addition, 9 custom push button sensors representing the different medication and
other healthcare tasks are enclosed in two “Health Task Panels” located in the kitchen

and bedroom.

2 flow sensors on the hot and cold water faucets in the shower to detect showering.

3 wireless 3-axis, 0-10 G accelerometers (4.5 x 3.5 x 1.5 cm) worn by the participant

on the wrists and dominant ankle, as shown in Fig. 4-2, to measure limb motion.

1 small (4.5 x 4.0 x 1.75 cm) wireless motion sensor taped onto a 2-pound hand weight,

to detect its use.

The PlaceLab infrastructure elements that support the system include the cameras and

microphones distributed throughout the apartment, and wireless access points for 802.11

and sensor data. In practice, the network and intermediate microcontrollers introduce a

latency of 1 to 2 seconds for limb motion sensors and switch sensors, and up to 15 seconds

for the water flow sensors.
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REASONING APPLICATION

. IR |

: PlaceLab Sensor Communication Module Context Modules Reasoning Module Communication Module Interface
Subsystem

Figure 4-3: Block diagram showing the main components of the reminder system
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4.2 Handheld Interface

A wireless handheld computing device allows users to receive reminders and informative
messages while carrying on with their lives as usual. When the device receives an incoming
message over the home network, it provides an audible alert indicating that a message is
waiting (or puts it in a message queue if a previous one is being viewed). A simple procedure

allows the user to view and dismiss the message (Fig. 4-4a).

Since power constraints limit the continuous operation of handheld devices, the prototype
interface is implemented on two Compaq iPAQ 3870 personal digital assistants (PDA’s)
that work in tandem; with either one in active use and the other being charged at all times.
Both run identical software, but have different LAN addresses on the home network. A
message notifies the user when it is time to exchange the active PDA for the one that is

charging (Fig. 4-4b).

In this prototype, PDA’s are used for message delivery and for the simulation of health ac-
tivities in combination with the “Health Task Panels” (Fig. 4-4c and Fig. 4-9). However, in
commercial deployments of a context-sensitive reminder system, mobile phones with health
(biometric) and medication (RFID) sensing capabilities could be used for both delivery and

collection of information.

4.3 Communication Modules

UDP communication with the sensing infrastructure and the handheld interface are man-
aged by the UDPSensorDataProcessor and UDPMessageQueueManager modules, that present
a uniform event based representation of data within the central application. A request-
response based protocol is used to maintain reliable communication with the two PDA’s.
See Appendix E for notes on the challenges overcome in creating a reliable UDP-based com-
munication model that adapts to intermittent network breaks, PDA’s being taken outside

the PlaceLab, and overnight use.
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Figure 4-4: a) An example reminder b) A notification to change the active device ¢) A
simulated blood glucose test

4.4 Context Modules

Three context modules process sensor events generated by the UDPSensorDataProcessor
and translate them to abstract sensor-agnostic context events. In this prototype, the trans-
lations are rule-based and heuristic, however, individual components could be replaced if
either the sensor inputs or the translation algorithm changes (for example, if a probabilistic

classifier is used instead of the current rule-based algorithm).

ActivityCounter

The ActivityCounter processes sensor events from limb accelerometers and categorizes
them, every two seconds, as mobile or sedentary context events, based on the running
averages of acceleration in the x, y, and z axes. Variations in the running average accelera-

tions that do not cross over heuristic thresholds are filtered as they typically represent short
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Heuristic Translation Rule | Context

Refrigerator, Stove burners, Oven (open/closed or on/off) meal
Water flow in shower faucets above threshold shower
Front door open + ActivityCounter events present during past | go out
5 minutes

Front door open + no ActivityCounter events during past 5 | return
minutes

Table 4.1: Rules used by the HomeSensorMonitor for generating activity context events

bursts of activity, like fidgeting. The ActivityCounter also generates transition context

events when the wearer’s inferred state changes from mobile to sedentary or vice versa.

HomeSensorMonitor

The HomeSensorMonitor processes context events from the ActivityCounter along with
sensor events, and categorizes them as context events: meal, shower, go out, and return,

as shown in Table 4.1.

The HomeSensorMonitor also generates context events for the convenience scores (intro-
duced in Chapter 3) of sensors activated. Each switch sensor is mapped to a convenience
score normalized between 0.1 and 1 for every relevant task in the experiment. The score is

based on the two factors described in Section 3.2; and encapsulates;

1. The distance between the sensor and the location at which the health task must be

performed.

2. The inferred activity, if any, from Table 4.1, that the user is engaged in when the

sensor is activated.

Coded floor plans with the convenience scores for switch sensors used in the experiment are
shown in Fig. 4-5 and Fig. 4-6. Since tasks are expected to occur at two locations (refer

Chapter 5), two sets of convenience scores are defined for many sensors.
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Sensor B convenience score > 0.7 ;
Sensor m convenience score > 0.4 -
Sensor @ convenience score > 0.1 ' ‘

KITCHEN

Bedroom "Health Task Panel”
- Med 2, Med 3, Wound Care,

Exercise

BEDROOM

l
J

Figure 4-5: Color-coded floor plans showing convenience scores used for the Health Task

Panel in the bedroom
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Sensor B convenience score > 0.7
Sensor m convenience score > 0.4
Sensor @ convenience score > 0.1

. Kitchen "Health Task Panel”
l" - Med 1, Med 4, Blood

Glucose Test, Hand Wash

BEDROOM

Figure 4-6: Color-coded floor plans showing convenience scores used for the Health Task

Panel in the kitchen
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Figure 4-7: Health Task Panels in the bedroom and kitchen

Figure 4-8: Hand weight with wireless motion sensor

TaskMonitor

The TaskMonitor processes sensor events from buttons on the “Health Task Panels” (Fig.
4-7) and translates them to unique context events for the start of a task when a button is
first pressed, and for task completion if a button is released after being held down for 15
seconds. Sensor events from the wireless motion sensor on the hand weights (Fig. 4-8) are
translated to the context event exercise after a threshold roughly corresponding to 25 to
30 arm curls. The TaskMonitor also generates messages to the user to simulate the sensing

of medication and other healthcare tasks (Fig. 4-9).
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Figure 4-9: Examples of messages simulating the sensing of medication and other healthcare
tasks

4.5 Reasoning Module

The context modules set up streams of context events representing actions that originate
from within the home environment or are the result of fired actions from the reminder
software. These events may be as simple as turning on a faucet or more complex in the form
of a convenience event. The Reasoning Module performs the core function of the system; i.e.,

reasoning over the context events events to provide timely, situation-appropriate reminders.

To achieve this, a collection of EventGraph structures model the user’s prescribed regimen,
the conditions for reminder delivery, and some situations indicating that an error (e.g.,
overmedication) might be about to occur. The EventGraphs are encoded in XML, and are
loaded from a database into the EventReasoner module. EventGraphs respond to incoming
context events, and on occasion, generate messages, that are directed by the EventReasoner
to the UDPMessageQueueManager. The regimen in Chapter 5 is modeled through twenty-five
such EventGraph structures. The rest of this chapter provides details of the EventGraph

framework along with some significant underlying considerations.
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4.6 EventGraph Framework

The delivery of effective medication reminders requires modeling an extended history of
relevant events and possible future events pertaining to prescriptions (name, dosage, etc.)
timing constraints (e.g., “take before bed”), activity constraints (e.g., “do not take with
food”), or drug interactions. Additional conditions come in the form of events that could
vary from day to day such as meal times, or the occasional absence of an event such as
the patient missing a dose. In related research [12], the challenges of using a rule-based
representation for complex medication conditions have been described at length. Gener-
ally, conditions such as the ones listed above cannot be specified without introducing a
large number of qualifiers and conjunctions in a rule-based grammar. Furthermore, it is
often difficult to tell how rules will impact each other, and this could lead to unintended

consequences particularly when there are many complex rules.

In this work, an alternative graphical representation is explored. The EventGraph frame-
work aims to model an optimal, safe, and flexible daily schedule through the specification
of precedence relationships between primitive context events. Fig. 4-10 is a visualization
of an EventGraph (with dotted arcs leading to added explanatory annotations). Directed
Acyclic Graphs (DAGs) have been used to model scheduling problems in various domains,
because they make it possible to explicitly model all of the dependencies between conditions

that apply to the scheduling problem (in this case, the scheduling of a reminder).

The EventGraph is a DAG with each node representing a context event and each edge
representing a temporal precedence constraint: in this example, the directed edge from
the parent node 6:00 to the child node awake says that event 6:00 must be detected
before waiting for event awake. Every node has a tag denoting the event it represents, and
some optional attributes. An active node is one that represents an event that the graph is

currently awaiting. Only root nodes (6:00 and 11:30) are initially active.

Fig. 4-10 models the first reminder for the day in the instruction, “Wash hands with
disinfectant in the morning and approximately every 2 hours when at home.” For a user

who might tend to disinfect his hands too frequently, it also models the interaction and
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Figure 4-10: Example EventGraph: “Wash hands with disinfectant approximately every 2

hours.”
display of information each time the disinfectant is accessed within an hour after the first

use.
An active node ends if the event denoted in the tag is detected or if an active child
In Fig. 4-10, once the node awake ends, kitchen convenient and Hand

Wash 1 completed become active. After this, if the event Hand Wash 1 completed occurs,

node ends.
the kitchen convenient node automatically becomes inactive (ends), since Hand Wash 1

completed is a child node of kitchen convenient.
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The edges in the graph may optionally be associated with a delay attribute, indicating the
delay for the child node to become active after the parent node has ended. In the example
below, the node END will be reached after a delay of 1 hour past the detection of the Hand

Wash 1 completed context event.

Node Attributes

The start attribute is an internal default attribute that marks the time when the node

becomes active.

The end attribute, unlike start, is optional. When present, it marks the default time
when the node must become inactive, thus it forces the node to become inactive when
the end time occurs. In the example, the node awake has an end attribute, which
means that it will become inactive at 9:20am (and kitchen convenient will become
active) even if the context event awake has not been detected. Nodes like 11:30 and
6:00 always default to the corresponding end times, because their tags do not map

to any context event generated by the context modules.

The message attribute is also optional, and contains a text message to be sent to the
user when the node becomes inactive. In 4-10, messages are shown below the second

horizontal line across nodes that trigger responses.

The persist attribute, when true, overrides the default ending behavior, and keeps the
node active even when the event denoted in the tag is detected. Such nodes end
only when an active child node becomes inactive. This attribute is useful for mod-
eling persistent actions such as alerts that should be provided more than once if the

corresponding event is detected.

The attenuate attribute is a specialized attribute associated with a rule that gradually
relaxes the condition that will end the node. Specifically, the rule is related to the
convenience scores of sensors. When true, the end attribute must be specified, either
as a fixed time or as an interval in minutes after the start time. The start and end

attributes define a window, but like in the case of kitchen convenient, the duration
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The

of the window might vary if the end attribute is fixed and the start attribute depends
on a parent node (in this case, awake). The attenuate attribute indicates special
handling of convenience score events based upon the time when the event is received,

and the length of the window.

When a convenience score (normalized to values between 0.1 and 1) is received by an
active attenuating node, the node ends only if the score is greater than or equal to
the proportion of time available in the window. When a window has just opened, the
proportion of time available is (almost) whole, and only sensors with a convenience
score of 1 can end the node. As time progresses, and the proportion of the available
window decreases, a wider distribution of sensors can end the node. Refer to the plans

in Fig. 4-5 and Fig. 4-6 for visualization.

In the previous example, the “Wash hands” message is initially generated only if
a high convenience score is received. As time progresses towards 10:20 a.m., lower
convenience scores can generate the same message. In the final tenth of the time
window, in addition to convenience scores, the node also allows transition events
from the ActivityCounter module to end it. As a result, in the final tenth of a time
window, the message is generated when the user transitions from being sedentary to
mobile, or vice versa. The end attribute ensures that even if an activity transition has

not occurred, the message is finally provided at 10:20 a.m., the end of the window.

END node has a special meaning, and it does not represent a context event being
awaited. If an END node is reached, all active nodes (including those with persist
attribute set to true) are immediately deactivated, and a special context event an-
nouncing the end of this EventGraph is generated. This node is used in cases where
it is necessary to notify one EventGraph about the end of another. Strictly speaking,
this attribute is not necessary, as it is possible to combine two interdependent graphs

into a single one.
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Figure 4-11: Example of a single graph that combines three individual graphs used in the

experiment, by eliminating the “END” nodes
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EventGraph Construction

For the experimental protocol in Chapter 5, the design of EventGraphs for individual
doses and alarm conditions, as well as the resolution of dependencies between multiple
EventGraphs were done manually and iteratively. First, a simulator was developed to
rapidly increment time and test the interaction between the EventGraphs in various sce-
narios enacted by the author. Prior to the study described in Chapter 5, two members of the
research team and three other friends of the author pilot tested the system independently for
periods ranging from 4 to 12 hours. Some iterative improvements to the EventGraphs were
made during this process as well. Appendix A describes the 5 basic constructs that were
finally used to encode the protocol; the level of detail encoded in these graphs is a product

of the granularity of information available through the sensing used (listed in Appendix F).

Since the EventGraphs for this prototype were manually constructed, individual graphs
were developed for each dose. An expert system for generating graphs from human inputs
could efficiently combine such individual graphs and generating a graphical model for an
entire day, with all dependencies represented. For example, Fig. 4-11 shows a single graph
that combines three individual graphs used in the experiment, by eliminating the END

nodes for inter-graph dependency. This is discussed further in Chapter 7.
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Chapter 5

Experimental Framework

To test the hypothesis that context-sensitive medication reminders are both effective and
perceived as convenient, a 10-day study was conducted at the PlaceLab residential research

facility.

5.1 Study Design

A regimen of simulated medication and health tasks was developed with the guidance of
healthcare professionals. The regimen consisted of four medicine-taking tasks, and four
other healthcare tasks, i.e., exercise, disinfecting hands, caring for a wound, and testing
blood glucose. In all, twenty-four tasks were required to be completed at various times
during the day. An instruction booklet (shown in Appendix B) containing the full list of

tasks, along with other instructions, was given to the participant.

All tasks except the exercise were simulated through buttons on two Health Task Panels
(Fig. 5-1) located in the kitchen and in a wardrobe near the bedroom. To complete a
medicine-taking task, the button corresponding to the medicine name had to be held down
for 15 seconds until the handheld device provided a chime and displayed an acknowledge-
ment message (Fig 5-2). Two of the medicines that involved doses prescribed during the day

had an additional button to allow the participant to “carry” a dose outside the PlaceLab.
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Figure 5-1: Health Task Panel in the kitchen
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