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There is a global challenge related to the increasing number of People with Dementia

(PwD) and the diminishing capacity of governments, health systems, and caregivers

to provide the best care for them. Cost-effective technology solutions that enable

and ensure a good quality of life for PwD via monitoring and interventions have

been investigated comprehensively in the literature. The objective of this study was to

investigate the challenges with the design and deployment of a Smart Home In a Box

(SHIB) approach to monitoring PwD wellbeing within a care home. This could then

support future SHIB implementations to have an adequate and prompt deployment

allowing research to focus on the data collection and analysis aspects. An important

consideration was that most care homes do not have the appropriate infrastructure for

installing and using ambient sensors. The SHIB was evaluated via installation in the

rooms of PwD with varying degrees of dementia at Kirk House Care Home in Belfast.

Sensors from the SHIB were installed to test their capabilities for detecting Activities

of Daily Living (ADLs). The sensors used were: (i) thermal sensors, (ii) contact sensors,

(iii) Passive Infrared (PIR) sensors, and (iv) audio level sensors. Data from the sensors

were collected, stored, and handled using a ‘SensorCentral’ data platform. The results

of this study highlight challenges and opportunities that should be considered when

designing and implementing a SHIB approach in a dementia care home. Lessons learned

from this investigation are presented in addition to recommendations that could support

monitoring the wellbeing of PwD. The main findings of this study are: (i) most care home

buildings were not originally designed to appropriately install ambient sensors, and (ii)

installation of SHIB sensors should be adapted depending on the specific case of the care

home where they will be installed. It was acknowledged that in addition to care homes,

the homes of PwD were also not designed for an appropriate integration with ambient

sensors. This study provided the community with useful lessons, that will continue to be

applied to improve future implementations of the SHIB approach.

Keywords: connected health, ambient assisted living, smart homes, ubiquitous computing, pervasive computing,

dementia, care home
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INTRODUCTION

There is a global challenge with an increase in the number of

People with Dementia (PwD). The World Health Organization
(WHO) has projected a global increase in PwD from 50 million

in 2021 to 152 million by 2050 (1). A report commissioned by
the Alzheimer’s Society from the Care Policy and Evaluation
Center (CPEC) at the London School of Economics and Political

Science (LSE), showed that as of 2019 there were an estimated
885,000 people living with dementia in the UK (2). While
advances in medicine have contributed to a global increase of life

expectancy, chronic conditions in older adults (including those
with dementia) have represented a challenge to the capacity of

governments, health systems, and caregivers to provide the best
care for them (3). Cost-effective technology solutions that enable
and ensure a good quality of life for monitoring older adults for

prompt interventions have been investigated comprehensively in
the literature.

PwD are typically aged 65 years or older (4), which adds other
risk factors that health professionals need to consider, such as: (i)
lack of self-sufficiency in everyday life (for example, needing help
from carers for dressing or eating) (5), (ii) having other chronic
diseases (6), (iii) the burden on family caregivers (7), (iv) the
caregiver’s technological literacy, and (v) the PwD’s acceptance
of technology (8). The rapid development of sensor technology
and its affordability have enabled researchers in the areas of
Computer Science, Healthcare, Ambient Assisted Living (AAL)
and Pervasive Healthcare to find cost-effective solutions that can
provide support for caregivers of PwD, which in relation to other
populations in general (not just with dementia), are overworked
and understaffed (9).

Activity recognition is the detection, interpretation, and
recognition of human activities using sensors, either ambient or
embedded, in the environment or worn on the body. In addition
to supporting the wellbeing of PwD bymonitoring their activities
to detect abnormal behaviors that could negatively impact their
health, activity recognition also supports the work of caregivers
by relieving some of their work load so they can provide better
care to PwD. Note that caregivers can be formal (working in care
homes or health institutions, typically understaffed) or informal
(usually relatives of PwD who live with them).

Embedded sensors include those that are incorporated into a
device such as amobile phone, watch, or into clothing (10).While
these wearable sensors have the advantages of monitoring and
collecting data regardless of the users’ location, they have some
disadvantages related to privacy, security, robustness, accuracy,
and technology-dependency of the users (11). Ambient sensors
are attached to objects in the environment with which the user
interacts (e.g., door, kettle, ceiling, walls). These types of sensors
have the advantages of not being intrusive and typically do not
require regular maintenance, such as charging (12). However, the
main disadvantages of environmental sensors can be inability to
function adequately according to how well placed they are in
the environment, and they also present challenges in monitoring
multiple occupants in the environment. Such issues could include
hardware issues (e.g., malfunction, unreliable connection to the
Internet), physical damage, or loss of power/energy (13). Another

aspect to consider is how accurate can wearable and embedded
sensors can be (14, 15).

The main motivations of this study are in the context of
supporting PwD and their carers to monitor and identify unusual
activities that may affect the well-being of PwD. Previous work
in the literature has been investigating the use of sensors for
quantification of well-being (16, 17). The objective of this study
is to investigate the challenges and opportunities in the stages
of design, deployment, and functioning of a Smart Home In a
Box (SHIB) approach in a dementia care home environment; to
monitor the wellbeing of PwD as well as to identify lessons that
could support improved future implementations of the approach.
Note that the focus of this study is on dense sensors placed
in a care home, therefore the use of wearable sensors was not
investigated in the case study. It was expected to install sensors in
the rooms of service users within dementia units, delirium units,
or intermediate care.

The remainder of the paper is organized as follows: Section
Literature Review presents the related work in the area of
using Smart Home approaches for activity recognition. Section
Methods describes the design of the SHIB approach proposed
and its implementation in a care home. Section Results presents
the challenges, opportunities and lessons learned from the
installation and utilization of the SHIB in a care home. Section
Discussion presents a discussion on the findings of the study, and
Section Conclusions and Future Work presents conclusions and
future work.

LITERATURE REVIEW

While the focus of this study is on the technical and usability
aspects of implementing a SHIB approach, it is worth noting
some of the ethical aspects related to Smart Home design that
were investigated in the literature. Chung et al. (18) state that the
ethical considerations in Smart Home design are:

(i) Privacy: refers to informational privacy and the right of the
users to control the access and sharing of their personal data.

(ii) Informed consent: refers to the description of the objectives
of the Smart Home research, details about its implementation,
and the potential benefits and risks related to the use of the
technologies involved.

(iii) Autonomy: involves the users’ sense of independence
supported by the automation of the technologies used.

(iv) Lack of human touch: refers to the decrease in human
interaction derived from the use of virtual visits or
remote monitoring.

(v) Medicalization of the home environment: relates to a major
focus of health within the Smart Home environment.

(vi) Obtrusiveness: refers to the users’ perception of
aspects of the technologies used as physically and
psychologically noticeable.

(vii) Equity of access: means having universal access to necessary
health information and means for monitoring it.

(viii) Usability: refers to the way users use the technology to
perform tasks in the Smart Home environment.
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In the work presented by Birchley et al. (19), 20 smart home
researchers were interviewed about ethical considerations related
to smart home design and it was found that the two major
themes were: (i) privacy, and (ii) end-user choices. In this case,
it was mentioned in (19) that concerns about privacy might
reduce the acceptability of Smart Home technologies. End-user
choices refers to how providing users with choices on when
and how to use Smart Home technologies to address ethical
considerations may affect the effectiveness of the Smart Home.
More recently than these, Hall & Maglaras (20) wrote about the
security challenges and privacy concerns of smart homes. Here
they also highlight that the main privacy issues are: (i) cloud
storage by third parties, (ii) secondary use of data collected from
devices such as Smart Speakers, and (iii) attacks/hackers.

A Review of Smart Home Approaches in
Dementia Care Homes
This subsection presents related work about smart home
approaches in dementia care homes categorized as: (i) traditional
smart home approaches, and (ii) SHIB approaches. The main
distinction between these approaches is that, in the former, many
modifications would be required to the care home. Whereas,
in the case of the latter one, minimal or no modifications are
needed. Note that in some cases the approaches presented do not
refer specifically to the case of smart environments monitoring
dementia, but to their capabilities, including monitoring
activities, which could be adapted for a health context. Table 1
presents a summary of the Smart Home approaches (traditional
and SHIB) investigated from the literature and the sensors that
were respectively used. The variety of scenarios and types of
sensors included in the Smart Home approaches revised in this
section show how there is no generic or standardized approach
and that in most cases they seemed to be tailored to address
specific needs from the elderly users.

Traditional Smart Home Approaches
Traditional Smart Home approaches relate to the cases where
many modifications must be done in the care home, which
could result in additional costs due to the sensors required to be
installed. While there has been an increase in the acceptance and
use of health tracking devices (blood pressure monitors, activity
trackers, blood glucose trackers, etc.) by users at their homes or
at care homes, dedicated modifications to buildings have only
been done at hospitals or at specialized private care homes. The
main reasons for this are the costs involved in modifying an
individual’s home and the required basic technical knowledge to
operate health devices or specialized equipment installed at their
homes. A traditional Smart Home approach for a care home will
involve: (i) planning from the design stage of the building, or (ii)
carrying out extensive modifications to an existing building.

The “Aware Home” prototype presented in (31) was intended
as a living laboratory for research in ubiquitous computing for
everyday activities and included the following spaces in the
house: two identical and independent living spaces, consisting
of two bedrooms, two bathrooms, one office, kitchen, dining
room, living room, and laundry room. One of the living spaces
was intended to be where the person would spend most of the
time during the duration of the study. Although the authors in

the original publication (32) mentioned that the “Aware Home”
could be used for general purposes. The specific application
of “support for the elderly” is presented with three main
areas of interest: (i) social connections between elderly parents
and their adult children, (ii) support for “everyday cognition”
by supporting memory decline and planning capabilities, and
(iii) identification of potential crisis situations and contact of
appropriate services to act upon them.

A Smart Home approach called “MavHome” (33) (Managing
an Intelligent Versatile Home) operates as an intelligent agent
that identifies the states of the home using sensors and acts on
the situation using device controllers (34). The “MavHome” agent
includes technologies distributed in four layers that cooperate
with each other: (i) decision (selects actions to be executed),
(ii) information (gathers, stores, and generates knowledge
for decision making), (iii) communication (communicates
information, requests, and queries between agents), and (iv)
physical (contains the hardware equipment including individual
devices, transducers, and network hardware) (35). Sensors
within this home monitor the environment and then use the
communication layer to transmit the information to another
agent (36). While the use of the “MavHome” for monitoring
health of elderly people or PwD is not indicated explicitly,
the capabilities described indicate that it could be used for
those purposes.

The “Gator Tech Smart Home” approach had the goal of
creating assistive environments that could sense and monitor
themselves and their occupants allowing for intervention services
(37). This project has a generic architecture that could be
applicable to pervasive computing spaces in general and includes
the following layers: (i) physical, (ii) sensor platform, (iii) service,
(iv) knowledge, (v) context management, and (vi) application
(38). In a publication by L. Y. Mano (39) the “Gator Tech Smart
Home” is aimed at monitoring the health of and assisting elderly
people, by creating supportive environments and developmental
activities. The goal of this was to maximize independence of the
residents and maintain a high quality of life. The authors of (37)
mention that their goal is to create a SHIB approach that can be
bought, installed, and monitored by the end users without the
support of engineers.

The objective of the ACHE smart house was to monitor the
environment, observe then predict the actions of the user. From
this the energy consumption of the house could be controlled, for
example, lighting, air temperature, ventilation, and water heating
(40, 41). Equipped with more than 75 sensors and actuators,
this environment had the benefit of reducing the overall energy
consumption whilst maintaining the user’s comfort. To achieve
this objective, the ACHE system used Reinforcement Learning
(RL), where a high-level environmental state is built from the
sensor data recorded and a controller thenmakes decisions based
on the current activity and location of the user (42).

Review of Smart Home in a Box
Approaches
SHIB approaches relate to the cases where minimal or no
modifications must be done to an existing care home. End users
should also be able to install and configure the equipment and
sensors included in the SHIB by themselves, with minimal or
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TABLE 1 | Smart Home approaches and sensors included.

Name of project Application

type

Sensor type Parameter of interest

Georgia-Tech Aware Home (21) Traditional RGB camera

Piezoelectric force-sensitive floor tiles

Facial recognition

Gait/Footstep patterns and location

MavHome (Managing an

Adaptive Versatile Home) (22)

Traditional Robotics

Mobile computing

Mobility patterns via machine learning

Device usage (23)

Gator Tech Smart Home (24) Traditional Ultrasonic sensors

Contact sensors

Temperature sensors

Location

Movement

Orientation

Temperature

ACHE (adaptive control of home

environment) Smart House (25)

Traditional Temperature sensors

Actuator nodes

Temperature

Lighting

“Smart house in a box” at Gator

Tech Smart House (26)

SHIB Pressure sensors

Moisture sensors

Actuator nodes

Ultrasonic transceivers

Pressure

Moisture

Light

CASAS (27) SHIB Contact sensors Temperature

Motion

HINT (Halmstad Intelligent Home)

(28)

SHIB Contact

PIR

Pressure

Physiological, safety, functional and

emergency monitoring

Dem@Home (29) SHIB Ambient cameras

Wireless tags

Presence sensors

Image and depth

Activity levels

Sleep

EurValve Smart Home in a Box

(30)

SHIB Video

Wearable (Accelerometer)

Image

Movement

no support from technical staff (43). The mechanisms to install
and uninstall the sensors included in SHIB in a building should
be straightforward for non-technical users. One of the expected
main advantages of SHIB approaches based on our research is
that costs are reduced by: (i) not making structural modifications
to the building, (ii) not requiring extensive training or support
by technical staff to install/uninstall and use the sensors included
in a SHIB, and (iii) by re-using the equipment when necessary
(i.e., if one room becomes unoccupied and another resident
deteriorates, the sensors can be moved as needed rather than
buying more). A SHIB approach for a care home will involve: (i)
completing a building survey to know the most adequate places
to install/uninstall sensors, and (ii) include clear and intuitive
instructions on how to install/uninstall and use the sensors in
a SHIB.

Abdulrazak and Helal (44) presented a dedicated SHIB
approach that focuses on an easy integration and management
of assistive space to support aging people with daily activities.
It is mentioned that the SHIB presented: (i) needs minimum
engineering expertise, (ii) facilitates the system integration phase,
and (iii) reduces the cost of deployment. It is also mentioned that
it can be integrated with the “Gator Tech Smart House (26). In
addition to the SHIB approach, the authors of (44) also present
the “Gator Tech Smart House” (GTSH) architecture, which is
described as a generic architecture that can be implemented in
any pervasive computing space. They note that it is challenging
and time consuming to have a proper integration of the sensors
that are part of a SHIB approach, thus their solution is in
the form of plug-and-play mechanisms for a better sensor

integration. Their self-integration framework is comprised by
two parts: (i) hardware framework [Atlas Platform (45)], and
(ii) software framework [middleware built on top of the Open-
Source Gateway Initiative (OSGi)]. In this case the SHIB
approach can be integrated with the “Gator Tech Smart House,”
and therefore it is possible to use the related sensors. The use
of the GTSH architecture allows integration with other types of
sensors. The capabilities described for this SHIB approach would
allow its use to monitor the health of elderly people or PwD.

A well-established SHIB approach is the CASAS (Center for
Advanced Studies on Adaptive Systems) architecture that was
presented by Cook et al. (46), which presents to the users a box
which includes the sensors and equipment to be installed. The
objective of the CASAS SHIB approach is to present a small,
lightweight, extendable, and user-friendly SHIB that is ready to
function out of the box. It is stated that the capabilities of the
CASAS SHIB system are: (i) activity recognition (mapping a
sequence of sensor data to an activity label), (ii) activity discovery
(identify activities from streaming data), and (iii) activity-
aware applications (presenting prompts to the users that are
related to specific activities based on personalized patterns). The
CASAS software included in the SHIB comprises: (i) a machine
learning algorithm to identify personalized patterns on users’
daily activities, and (ii) an activity visualizer that can be shown
on a computer or on a mobile device. The activities considered
for the activity recognition functionality of the CASAS SHIB are:
(i) bed-toilet transition, (ii) cooking, (iii) eating, (iv) entering
home, (v) leaving home, (vi) personal hygiene activities, (vii)
using the phone, (viii) relaxing, (ix) sleeping, and (x) working.
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Accuracy results for the activity recognition function of the
CASAS SHIB are presented in (46) and vary from high accuracy
(cooking with 99%, and personal hygiene activities with 94%)
to low accuracy (talking on the phone with 1% and eating with
17%). It is also mentioned that the use of the CASAS SHIB
will allow understanding human behavior across many research
fields, including health (27).

The Halmstad Intelligent Home (HINT) SHIB approach
presented by Lundström et al. (28) focuses on multi-occupancy
detection using sensors and an algorithm for binary classification
of the occupancy at home of more than one person at the
same time. The HINT SHIB is comprised of more than 60
sensors including one SHIB kit. It is mentioned that the
HINT SHIB functionality allows: (i) physiological monitoring,
safety monitoring, and assistance, (ii) functional monitoring
(learning behavior patterns and detecting abnormal behaviors),
and (iii) emergency detection and response. The HINT SHIB
has capabilities to react and respond to events using actuators.
Data were collected from 10 participants who performed eight
activities under defined guidelines: (i) go to bed, (ii) use
bathroom, (iii) prepare breakfast, (iv) leave house, (v) get cold
drink, (vi) office work, (vii) get hot drink, and (viii) prepare
dinner. The reported accuracy results obtained using different
classification algorithms are high: 82% using a prior knowledge-
based algorithm, 75% using a Random Forest algorithm, and
96% using the multi-occupancy detection approach proposed by
Lundström et al. (28).

The study presented by Hu et al. (26) evaluates the ability of
users to self-install the CASAS SHIB intended for use by elderly
people. In this usability study 13 participants, ranging in age
from 54 to 86 years old. The average age of the participants
was 69.23. Academic qualifications from the participants ranged
from high school to Ph.D. The size and number of rooms in the
houses of the participants varied. The components of the CASAS
SHIB considered were: (i) one installation guide, (ii) one server
box, (iii) one relay, (iv) approximately 14 motion sensors, (v)
two temperature sensors, and (vi) binary contact sensors in the
front door. The evaluation of the usability of the CASAS SHIB
installation was carried out by: (i) a post-installation inspection
by researchers, and (ii) a questionnaire interview. The criteria
considered for how intuitive was the installation of the CASAS
SHIB was based on failure rate: (i) a failure rate <10% indicated
that the installation process is intuitive, and (ii) a failure rate
>35% indicated that the installation process is complicated. It
was concluded that some of the CASAS SHIB sensors (motion
sensors, area sensors, temperature sensors, and relays) are
intuitive to users with no engineering background. Users that had
an engineering background considered the installation process of
the CASAS SHIB to be intuitive.

The Dem@Home SHIB approach presented by Andreadis
et al. (29) is in the form of a framework that integrates
a variety of ambient and wearable sensors in addition to
interdisciplinary methods of image and semantic analysis. There
is a personalization aspect in the Dem@Home SHIB (29), as
semantic analysis, activity recognition and problem detection
are used to present a profile for every user. The evaluation
of the Dem@Home SHIB was carried out for 4 months in

four houses where people with mild cognitive impairment or
mild dementia were living alone. Sensors were installed in the
areas in which users performed most of their daily activities:
(i) kitchen, (ii) bathroom, and (iii) bedroom. The activities
considered for the activity recognition task were selected with
the assistance of a clinical expert: (i) prepare drug box, (ii)
cooking, (iii) prepare tea, (iv) watch television, and (v) visit to
the bathroom. The evaluation of the activity recognition task
was done using precision and recall as evaluation measures. An
interesting conclusion from the activity recognition evaluation
was that the more atomic and continuous an activity is, the more
accurate it is the detection.

The EurValve (Personalized Decision Support for Heart
Valve Disease) activity monitoring kit was developed as part of
the H2020 EurValve Project, funded by the European Union’s
Horizon 2020 research and innovation program. It was developed
by Pope et al. (30) as a SHIB that could easily be installed in a
home by the participant whilst obtaining valuable data around
lifestyle and activity levels for medical professionals to review. It
consists of one router, four gateways, and one wearable sensor.
The kit records physical activity using the wearable and the
gateways provide indoor localization data. McConville et al. (47)
used the EurValve SHIB rehabilitation monitoring system to
collect data from the wrist worn wearable device. The data were
collected to evaluate room level indoor localization methods.
McConville et al. (47) say how the SHIB approach was low cost
and easy to deploy.

From the SHIB approaches presented in this section there
are still many aspects that need to be refined, considered, and
understood for SHIB approaches to have a more widespread
adoption. More studies are needed to learn more about the
requirements and needs that will enable elderly users to
intuitively install and use a SHIB with little or no help from
technical staff.

METHODS

This section presents the SHIB approach developed by the
Pervasive Computing Research Center (PCRC) at Ulster
University. The design subsection includes a description of the
sensors used, as well as how they work in conjunction to collect
data from PwD. The implementation subsection presents a case
study in which the PCRC SHIB was implemented in a care home.

Design of PCRC SHIB
The PCRC SHIB currently comprises the following types of
sensors: (i) thermal vision sensors, (ii) contact sensors, (iii)
Passive Infrared (PIR) sensors, and (iv) audio level sensors. The
SHIB is presented in a box of 160 x 200 x 80mm (see Figure 1).

In addition to the sensors, the SHIB also contains a small
computer to process and send the data from the sensors
to the SensorCentral platform (48) (which was developed at
PCRC), and an Android tablet with an app to read Near-Field
Communication (NFC) tags; these were placed on the sensors
to show short videos that describe how to install and utilize
the sensors (see Figure 2). The purpose of presenting short
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FIGURE 1 | Sensors included in the PCRC SHIB kit.

FIGURE 2 | Instructional video activated by NFC tag to demonstrate

installation of PCRC SHIB sensors.

FIGURE 3 | (A) Example of prototype thermal sensor attached to the ceiling.

(B) Example of a matrix generated from data collected from the thermal sensor.

instructional videos to the users is to make the SHIB as user-
friendly as possible so that users can install and use the sensors by
themselves. This SHIB approach also considers offering support

FIGURE 4 | Contact sensors attached to the door and frame of a kitchen

cupboard.

FIGURE 5 | PIR sensor attached to a wood surface.

FIGURE 6 | Audio level sensor attached to board.

to the user in the eventuality that there are issues that the users
are not able to solve. Data collected from the PCRC SHIB are
stored, processed, and analyzed in SensorCentral. In this sense,
data heterogeneity is mitigated by using the timestamps shared
by the data points to allow for data fusion.

The thermal sensors used have a resolution of 32 x 31, a 90◦ by
86◦ field of view that provides a coverage area of 6m by 6m at a
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height of 2.5m, and a sample rate of 10Hz. These thermal sensors
are produced by Heimann GMBh and are the HTPA32 model1

Note that the thermal images captured by the thermal sensor
do not have enough resolution to be considered as privacy
invasive (49). Figure 3A shows the thermal sensor installed
within the PCRC lab and Figure 3B shows a thermal image of
a person sitting. The data from the thermal sensor are monitored
and collected in SensorCentral. The size, weight, and portability
of the thermal sensors allow them to be attached to home surfaces
using permanent or temporary mechanisms. In the case of the
PCRC SHIB approach, it was deemed that the most adequate
place to install the thermal sensors is in a central position in
the ceiling of rooms due to: (i) optimization of coverage of
the area enabling monitoring the activities of the occupants,
(ii) less disruption in terms of distracting or agitating the PwD
due to the unobtrusive nature of the installation, and (iii) easy
installation (typically, central ceiling positions of rooms provide
more access). Deploying the thermal sensor within a central
ceiling position allows for an improved Field of View (FoV)
due to reducing the number of potential occlusions within the
environment. In addition to indicating the presence of a person
in a room, the thermal sensor allows the location of the person
to be determined in the house or room. The data collected in
SensorCentral from the thermal sensors include: (i) a matrix of
temperature coordinates per frame, (ii) thermal images generated
from the matrix of temperature coordinates for each frame, and
(iii) a timestamp.

Binary contact sensors are a type of sensors that work in pairs
by changing states when they are together or separated and can
be placed in locations that typically change state such as doors
and objects that have a set location to be stored when not in
use (e.g., kitchen objects such as a kettle.). The type of contact
sensors used were the “NEXA LMST-606 Magnetic Contact
Switch”2 (see Figure 4), which combines wireless transmitters
and magnetic switches. The signals from the contact sensors have
two states (“off” or “on”) that change when contact is broken
or made between the two components of the sensor. The data
from the contact sensors are monitored and collected by the
SensorCentral platform (48). The size, weight, self-contained
nature, and portability of the contact sensors allow for ease of
retrofitting within an environment when compared to that of
thermal sensors. Contact sensors can be easily placed on most
surfaces and objects around an environment using adhesives.
While it is possible to place contact sensors in objects with which
the inhabitant of a house has more interaction with, like cups or
kettles, for the purposes of the PCRC SHIB the contact sensors
are placed on doors of interest in the environment. Thus, the
contact sensors give the ability to monitor when person has
entered or left the room and allow for inferring and discovering
patterns related to the daily life of the PwD. The data collected in
SensorCentral from the contact sensors include: (i) event code,
(ii) sensor ID, (iii) timestamp, and (iv) name (if defined for that
contact sensor, for example, “cupboard1).”

1https://www.heimannsensor.com
2https://www.clasohlson.com/uk/Nexa-LMST-606-Magnetic-Contact-Switch/

Pr364910000

PIR sensors measure infrared light radiating from moving
objects within their FoV. This type of sensors is typically
used in alarms for security systems, such as turning lights
on automatically when a person is detected within their FoV.
The type of PIR sensors used were the “NEXA LMDT-609
Motion Sensor”3 (shown in Figure 5), which combine wireless
transmitters. The signals from the PIR sensors have two states
(“on” or “off”) that change when motion is detected in the
proximity of the sensors. The data from the PIR sensors are
also monitored and collected by the SensorCentral platform (48).
While the PIR sensors are slightly larger than the contact sensors,
they still facilitate straightforward and discrete installation within
areas of interest within a domicile where a PwD would be
monitored. The data collected in SensorCentral from the PIR
sensors include: (i) event code, (ii) sensor ID, (iii) timestamp,
and (iv) name (if it was defined for that PIR sensor, for
example “corridor1”).

The audio level sensors used was the “Adafruit 12S MEMS
Microphone Breakout”4 (shown in Figure 6), which are a type
of microphone that detects sound and converts it to a voltage,
it has a range of 50Hz to 15 kHz. Although the microphone
is a single mono element, it is sufficient to detect sounds that
are used to monitor the activities of the PwD at their homes
and rooms. Signals from this sensor are processed by a coupled
microcontroller to give a standardized, calibrated, sound pressure
level reading in decibels. This type of audio level sensors was used
due to their unobtrusive nature and can be used tomonitor sound
levels of activities of PwD.

Given the size, weight, and portability of the audio level
sensors, for the purposes of the PCRC SHIB they were integrated
with the thermal sensors within their protective cases that were
installed in the ceilings of the rooms where PwD lived. In the
first version of the integrated thermal and audio level sensors,
the case that contained the sensors was 3D printed in black
color. As it will be explained in detail in the next section, it was
required to change the color of the sensor housing to white to
make them less obvious to PwD. As the initial case designs to
hold the thermal and the audio level sensors were not deemed
to be the most optimal due to standing out and being distractive
for PwD, another design integrating the thermal and audio level
sensors in a case that resembled a smoke detector was designed
and implemented (Figures 7A–C).

The different versions of the integrated thermal and audio
level sensors were attached to the ceiling using a type of industrial
adhesive that: (i) was strong enough to keep the case and the
sensors in the ceiling while being safe for the PwD, and (ii)
did not permanently disfigure the ceiling after removing the
case and the sensors. Note that the type of material of the
ceiling did not facilitate mechanically affixing the sensors in
a semi-permanent way, as it was originally intended. For a
permanent deployment of the sensors, it is planned to screw
them on the ceiling, where it will still be possible to easily
remove them.

3https://www.clasohlson.com/uk/Nexa-LMDT-609-Indoor-Motion-Sensor/

Pr364909000
4https://www.adafruit.com/product/3421
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FIGURE 7 | Second version of the integration of the thermal and audio level sensors in a single case: (A) components of the case, (B) case resembling smoke

detector, and (C) case installed in the room of a PwD.

FIGURE 8 | Main entrance of the Kirk House Care Home: (A) main entrance, and (B) main corridor in the Memory Lane section.

The SensorCentral platform facilitates the collection,
processing, and analysis of the data collected from diverse types
of sensors. The PCRC has already adapted several types of
machine learning algorithms to identify patterns that could be
inferred as hazards or abnormal behaviors. The data analysis
aspect of the PCRC SHIB is beyond the scope of this paper and
will be presented comprehensively in a future publication.

Implementation of PCRC SHIB
The sensors comprised in the PCRC SHIB were tested
individually, and as an entire system in the PCRC smart
laboratory at Ulster University prior to its deployment in a care
home. During the tests performed in the smart laboratory the
sensors worked accurately and were shown to be fit for purpose.
The next subsections describe the implementation case study of
the PCRC SHIB in a care home.

Case Study: Belfast Kirk House Care Home
The care home in which the PCRC SHIB approach presented in
this paper was installed and tested was Kirk House Care Home
in Belfast5 (see Figure 8A), this comprises 42 individual flatlets,
with nine of them adapted for residents with dementia. The area
of Kirk House Care Home in which care is provided for PwD
is called “Memory Lane” (see Figure 8B). The trial period lasted
6 months, in which a range of sensors were tested throughout.
The sensors included in the PCRC SHIB were installed in the

5https://www.kirkhousecarehome.co.uk

FIGURE 9 | Lounge area of a room in Kirk House Care Home’s Memory Lane

section.

rooms of three PwD to monitor their ADLs. There is a long-
standing relationship between the PCRC research group at Ulster
University and the management and staff of Kirk House Care
Home. This relationship between PCRC and Kirk House Care
Home has allowed collaborations like the PCRC SHIB project
presented in this paper and the organization of events to engage
the public in the use of technology to support elderly people
and PwD.
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Note that if the SHIB were to become a commercial product, it
is intended that the PCRC SHIB will be bought by organizations
and individuals that would like the activities of relatives or even
their own activities to be monitored to support their health and
wellbeing. This could assist with identifying abnormal behaviors
that could represent hazards to their well-being or the signs of
progressive health problems. For the evaluation of the PCRC
SHIB in care homes around the Greater Belfast area, it was
required to have in place: (i) ethical approval from the Office
for Research Ethics Committees Northern Ireland (ORECNI),
and (ii) consent from the PwD and/or their relatives. As it was
mentioned in the “Introduction” Section and in relation to the
work by Birchley et al. (19) about smart homes and privacy,
it is important to consider, where possible and considering the
technological limitations, the preferences of the PwD and their
relatives in terms of privacy and end-user choices.

Once ethical approval fromORECNI was obtained and staff at
Kirk House Care Home had agreed on participating in the PCRC
SHIB project, there were many informative talks from the PCRC
research team to care home staff, PwD (where possible), and their
relatives. The purpose of these informative talks was to describe
to the staff, PwD, and their relatives what the PCRC SHIB project
entailed and the potential benefits for the PwD living at Kirk
House Care Home. During these informative talks, PwD and/or
their relatives agreed or denied their consent to take part in the
study. PwD and their relatives could opt-out of the study at any
time. During these talks it was also clarified that the use of the
sensors, the data, the future analysis of the data, and the possible
inferences from the collected data were not going to substitute
the assistance provided by the caregivers working at Kirk House
Care Home. The role of caregivers within the PCRC SHIB study
was to ensure that the sensors and the devices used: (i) were
not disconnected by PwD, and (ii) were not causing distress to
the PwD.

Once the PwD and their relatives had agreed to take part in the
PCRC SHIB study, their rooms within Kirk House Care Home
were located in a map showing the architecture of the building
to consider the best physical sensor deployment architecture to
be installed. The next step was to carry out a physical survey
to the building to know more relevant details about it like: (i)
thickness of the walls, (ii) location of power plugs and sockets,
and (iii) location of telephone sockets. The rooms of the PwD
where sensors would be installed were measured and analyzed.
The rooms comprised the following areas: (i) bedroom area, (ii)
lounge area (see Figure 9), and (iii) bathroom area. Note that the
layout of each room varied, so the location of the areas in each
roomwere slightly different. In terms of the expected functioning
of the PCRC SHIB system and sensors, there were no evident
obstacles or restrictions. These first inspections focused more on
the functionality of the PCRC SHIB system and less on the design
of the devices and their cases and how they would integrate into
the rooms of the PwD.

Installation Setup and Tests of PCRC SHIB in Kirk

House Care Home
The Wi-Fi enabled router was installed in a central location
in the main corridor of the Memory Lane section of Kirk

House Care Home (see Figure 8B) where tests indicated
to be the optimal location, considering signal strength and
communication between the sensors and the router. The router
was discreetly placed on top of a bookshelf. To the best knowledge
of the PCRC SHIB team, and from what the Kirk House Care
Home staff reported, there were no known cases of residents
interfering with the router.

After the router was deployed, the sensors in the PCRC SHIB
were installed in the rooms of the PwD participating in the study.
The installation of the sensors was performed by two suitably
qualified researchers from PCRC at times when the PwD were
not in their rooms to avoid situations that would cause stress or
confusion to the PwD. Staff at Kirk House Care Home supported
the PCRC researchers in taking care of the PwD during the
installation of the sensors.

Once the sensors were installed in the rooms of the PwD,
several communication tests between the installed sensors, the
router and SensorCentral were carried out to ensure that the
data were being transmitted and stored correctly. During the
tests, two researchers from PCRC were at Kirk House Care
Home while another PCRC researcher was at Ulster University’s
Jordanstown campus confirming that the data were being
streamed and collected correctly on the SensorCentral platform.
The tests highlighted problems with communication between
the sensors, the router and the SensorCentral platform, which
were related to the strength of the signals sometimes not
being received or transmitted correctly. In the cases when there
were communication problems, different sensor arrangements
were tested to evaluate which was the most reliable. This was
determined when there were no communication problems or
when they were minimized. When it was deemed that the sensors
were installed in the most reliable way, PCRC researchers visited
Kirk House Care Home regularly during the trial period (6
months) and one final time after that to present a project debrief
to the care staff involved.

RESULTS

The design, installation, and utilization of the PCRC SHIB in
the rooms of PwD at Kirk House Care Home provided the
PCRC research team with knowledge and insights related to the
challenges and opportunities for future deployments. In general,
it was found that the transition from the lab environment to
the care home environment presented unexpected challenges
that prevented the deployment of a system which was reliable
enough to undergo a full-scale deployment. The challenges,
opportunities, and lessons learned from the installation and
utilization stages of the PCRC SHIB are explained in the
following subsections.

Installation of the PCRC SHIB–Challenges,
Opportunities, and Lessons Learned
For this stage of the PCRC SHIB study the expectation was to
install sensors in the rooms of service users within dementia
units, delirium units, or intermediate care. The sensors to be
installed were: (i) thermal sensors, (ii) contact sensors, (iii)
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PIR sensors, and (iv) audio level sensors. Note that for the
sensor’s installation during this study the thermal and audio level
sensors were integrated within the same protective case. The
installation would involve finding the best way to integrate the
sensors with the current design and furniture of the room and
building, so that it was not distracting or disturbing for service
users, particularly those with cognitive impairment because of
dementia or delirium.

To facilitate the transition from sensor deployment from
the lab environment to real-world trial sites, the sensors were
installed in the rooms of a sample of residents with dementia
in the Memory Lane section at Kirk House Care Home.
It was planned to first establish reliable data collection and
processing within this trial site before expanding the deployment
to further trial sites. The approach that was followed for
installing the sensors prioritized two aspects: (i) safety of PwD,
and (ii) adequate installation for data collection and wireless
communication with the router. Similar approaches to the
ones the PCRC have followed at the PCRC smart environment
at Ulster University were followed, considering the different
architecture of the care home.

There were two relevant improvements completed with
respect to the installation of the sensors: (i) changing the
mechanism of attaching the sensors to the ceiling, and (ii)
changing the color and shape of the case of the sensors that were
attached to the ceiling from black to white. In the first case, after
one visit to check the sensors, it was noticed that part of the
cables connecting the sensors to the power were starting to detach
from the ceiling, therefore a different mechanism using a type of
industrial adhesive to attach the sensors and cables to the ceiling
was used. The color and shape of the case of the sensors attached
to the ceiling was changed from black to white because a PwDwas
confused about the “black object” in the ceiling. Thus, the case
was painted in white color so it would resemble a smoke detector
and to match the color of the ceiling.

Sensors to be installed in a care home need to be installed in
a way that does not disturb or alter the behavior of PwD. In the
case of the sensors that were installed, disguising the case of the
thermal and the audio level sensors as a smoke detector helped to
prevent PwD from noticing them or to become agitated by them.
A detailed survey of the environment in which the sensors will be
installed is of key importance. In particular, the surfaces to which
the sensors will be installed upon should be inspected to ensure
the correct method of fitting.

Utilization of PCRC SHIB–Challenges,
Opportunities and Lessons Learned
In this case the main objective was to have a proper installation
of a router that would communicate with the sensors installed in
the rooms of PwD. The router would be in the most adequate
location to send and receive data to and from the sensors
respectively. Additionally, data would be sent to SensorCentral,
for further processing and data analysis.

Signal strength tests were completed throughout the
Memory Lane section of Kirk House Care Home to identify
optimal placement of wireless communication equipment.

This communications equipment was installed in a corridor
which was identified as the optimal location in terms of signal
strength and unobtrusiveness, where the router was in range
to the sensors. However, during the time the sensors and
the router were installed Kirk House Care Home there were
many communication problems. The problems involved: (i)
interrupted communication, and (ii) incomplete transmission of
sensor data. When the problem was identified, many strategies
were tested to try to solve the problem like placing the router in a
different location within the Memory Lane section of Kirk House
Care Home or using signal repeaters. It seemed that the problem
with the communication between the router and the sensors was
due to the thickness and the material of the walls, which did not
allow for effective communication.

Regarding the location in the care home building to where
to place the router for the best communication with the sensors
installed, it is necessary to carry out a survey of the building.
In the case of Kirk House Care Home, a key factor was the
thickness of the walls, which prevented proper and reliable
communication between the router and the sensors installed.
Similarly, to the considerations regarding the installation of the
sensors, the conditions at Kirk House Care Home were quite
different from those at the PCRC smart lab at Ulster University.
A solution for this would be, to first survey the care home
building, and then determine the most appropriate router or
supporting devices that allow effective communication. Some of
the communication problems encountered could be alleviated
with solutions based on: (i) edge computing, (ii) embedded on
device machine learning models (reducing data required), and
(iii) mesh networking.

DISCUSSION

This study investigated the challenges and opportunities in the
stages of design and implementation of a SHIB approach in
a dementia care home environment to monitor the wellbeing
of PwD. This study also identified lessons that could support
improved future implementations of the approach. The SHIB
approach presented in this study was developed at Ulster
University’s PCRC and was tested as a case study at the Memory
Lane section of Kirk House Care Home. Sensors from the SHIB
(thermal, contact, PIR, and audio level) were installed in the
rooms of three participants with varying degrees of dementia to
monitor their ADLs. A router was also installed to communicate
with the sensors and to send data to the SensorCentral platform.
It was expected to install sensors in the rooms of service users
within dementia units, delirium units, or intermediate care.

The findings of this study were considered with respect
to the following areas: (i) installation of sensors, and (ii)
communication between the sensors. The approach that was
followed for installing the sensors prioritized two aspects: (i)
safety of PwD, and (ii) adequate installation for data collection
and wireless communication with the router.

The challenges with respect to installing the sensors in the
care home were related to the transition from sensor deployment
in the lab environment to a real-world trial site. An important
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consideration was that most care home buildings were not
originally designed to appropriately install ambient sensors.
Despite having surveyed the Kirk House Care Home building
at the start of the project, in terms of locating the rooms of
the PwD and identifying the most adequate places to install the
router and the sensors, there were many challenges during the
communication and data collection stages of the project. These
challenges included: thickness of walls preventing the adequate
communication between the sensors and the router, details in the
design of the cases protecting the sensors to avoid confusion in
the PwD, and finding the causes and solutions for the periods
of time when incomplete data were collected. The solutions
implemented to the challenges encountered during the duration
of the study were considered as opportunities from where to
learn and apply in future iterations and implementations of the
PCRC SHIB.

The lessons learned were mainly related to the transition
from the sensor deployment from the lab environment to a real-
world trial site. In addition to carrying out more comprehensive
surveys of the building in which the PCRC SHIB would be
installed, more studies about the design of the sensors and their
protective cases will be carried out to ensure that PwD are not
confused or distressed by the sensors installed in their rooms.
There were no questionnaires administered to PwD or to their
caregivers. However, some caregivers provided some feedback
on the advantages and disadvantages of the PCRC SHIB sensors
installed. For example, a carer mentioned that an initial version
of the case containing the thermal and audio level sensor was
distracting to a PwD because its black color contrasted with the
white color of the ceiling, thus, the second version of the case
was painted in white. Another consideration will involve using
specific types or versions of sensors and equipment to ensure
better communication between them, according to the specific
architectural features of the care home buildings.

CONCLUSIONS AND FUTURE WORK

The main findings of this study are: (i) most care home buildings
were not originally designed to appropriately install ambient
sensors, and (ii) installation of SHIB sensors should be adapted
depending on the specific case of the care home where they
will be installed. It was acknowledged that in addition to care
homes, the homes of PwD were also not designed for an
appropriate integration with ambient sensors. Hence, another
use of a SHIB approach. This study provided the community
with useful lessons, that will continue to be applied to improve
future implementations of the SHIB approach. Future work will

involve the improvement of the sensors in the PCRC SHIB in
terms of an even more specific and suitable configuration as
well as the procedure to install them in care homes, regardless
of the architecture of the buildings. Note that this will also
allow an easier integration and user adoption for the installation
and use of the PCRC SHIB approach in the homes of PwD,
that are still living independently in their own home or that
have the support of their relatives for their care. It is planned
to carry out comprehensive tests of the PCRC SHIB system
for notifications of hazard and progressive chronic behavior
detection to support caregivers. Finally, it is envisioned to present
a summary of the PwD ADLs patterns, inferred hazards, and
abnormal behaviors in the form of easy-to-interpret dashboards
to caregivers and relatives.
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