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Abstract

Background

With an ever-growing ageing population, dementia is fast becoming theichdimease of the 21
century. Elderly people affected with dementia progressively lose th@namy as they encounter
problems in their Activities of Daily Living (ADLs). Hence, they need swyigipn and assistange
from their family members or professional caregivers, which can ofted e underestimated psy-
chological and financial stress for all parties. The use of Ambient ssisiving (AAL) technologies
aims to empower people with dementia and relieve the burden of their cagegiver




The aim of this paper is to present the approach we have adopted toplewveladeploy a syster
for ambient assistive living in an operating nursing home, and evaluaterftsp@nce and usability
in real conditions. Based on this approach, we emphasise on the impoofategloyments in real
world settings as opposed to prototype testing in laboratories.

=

Methods

We chose to conduct this work in close partnership with end-users (dienpatients) and specialists
in dementia care (professional caregivers). Our trial was conduktteédg a period of 14 month
within three rooms in a nursing home in Singapore, and with the participation bf dementia
patients and two caregivers. A technical ambient assistive living solutimsisting of a set of sensars
and devices controlled by a software platform, was deployed in the cadlabhgmursing home. The
trial was preceded by a pre-deployment period to organise sevesahation sessions with dementi
patients and focus group discussions with professional caregiverocess of ground truth an
system’s log data gathering was also planned prior to the trial and a syst@mmence evaluatior
was realised during the deployment period with the help of caregivers.etinal approval wa
obtained prior to real life deployment of our solution.
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Results

Patients’ observations and discussions allowed us to gather a set oEregnts that a system for
elders with mild-dementia should fulfil. In fact, our deployment has exposed nuncrete require
ments and problems that need to be addressed, and which cannot becid@mtifiboratory testing.
Issues that were neither forecasted during the design phase nag theilaboratory testing surfaced
during deployment, thus affecting the effectiveness of the propodeticso Results of the sys
tem performance evaluation show the evolution of system precision and uptgnéhe deploymen
phases, while data analysis demonstrates the ability to provide early detdctimndegradation of
patients’ conditions. A qualitative feedback was collected from caregized doctors and a set of
lessons learned emerged from this deployment experience.

—

Conclusion

Lessons learned from this study were very useful for our resesock and can serve as inspira-
tion for developers and providers of assistive living services. Theyitned the importance of rea
deployment to evaluate assistive solutions especially with the involvementfefsgional caregivers.
They also asserted the need for larger deployments. Larger deploywikatiow to conduct surveys
on assistive solutions social and health impact, even though they are time apdwes consuming
during their first phases.

Keywords

Ambient assistive living, Dementia assistance, Real life deployment, Dynardia@aptable systems,
Context aware services

Background

The world’s population is ageing rapidly with an estimation of 1 in 5 people ovgreérs old by 2030
compared to 1 in 10 today. Due to chronic age-related illnesses, mangpsogly lose their autonomy
and become more dependent on others, finally reaching the stage whereéteround-the-clock care
from their family members or caregivers. One of the most important chraséase that affects the



ageing population is dementia. It accounts for 4.1% of total disease bardeng people aged over
60 years and 40% of people older than 85. The number of people affegthis disease is increasing
exponentially with an estimation of 35.6 million people with dementia in 2010, and nenmearly
doubling every 20 years [1].

According to the Global Deterioration Scale (GDS) [2], cognitive andfiamal abilities are categorized
into 7 stages, ranging from no cognitive decline in the first stage to vegreeognitive decline in the
seventh stage. Stage 5 denotes the point where it becomes difficult foatteat to live independently
and assistance is needed from his/her family and/or caregivers. Dateggs 3 to 5, patients suffer
progressive cognitive decline and experience increasing difficultiggiforming activities of daily
living (ADLS) [3]. In some instances, patients may understand what treegugpposed to be doing but
they may not understand the instructions, or forget them midway througtka Tdey may also fail
to recognize objects for what they are (agnosia) or know how to exézameed tasks (apraxia). This
means that the caregivers have to be present to support patients ttheimactivities, and slowly, over
time, increase the support they provide as the disease evolves. @asegded to remain informed
on how patients are performing their ADLs, and to provide support asadmgsh appropriate. They
need to provide just the right amount of assistance so as not to take eversty but still allow the
patient to retain some level of independence [4]. Over time, as patientsm@echelp, caregivers also
experience increasing levels of stress and burden. Caregivingdemantia patient can be physically
and emotionally demanding and has been found to be more stressful tlegivicey for older people
suffering from other ailments [5].

Ambient Assistive Living (AAL) technologies can be used to assist pewie dementia and their
caregivers. AAL consists of a set of ubiquitous technologies - e.gosgfactuators, interaction devices
- embedded in the living space of the patient to monitor and react to his coaltexteds by providing
computerized assistive services. Today, these technologies are udigdrge healthcare applications
and are expected to increase efficacy and efficiency of healthaaseers [6,7]. They target to improve
the organization of healthcare providers, improve therapy and rehabilitatial enhance prevention
and care. In the field of dementia assistance, prototypes were devétosgecific scenarios to assist
patients during different stages of cognitive decline ranging from healfeing to severe cognitive
impairment [8-10]. Other remote monitoring systems are used for mobility measotdo estimate
disturbances in motor activity of the patients to prevent risk of accidenjs §hiine systems use video
and audio recording for patient tracking in order to analyze their actijiti@4.2].

The acceptance of these technologies by dementia patients and theivea@régia critical factor for
the success of such systems. As Bradram et al. [6] repddety, few of the proposed context-aware
technologies and applications have been deployed in a real use-settsigethe computer science lab
for a longer period of time”therefore, there are few studies focusing on the acceptance of AAL tec
nologies in the field of healthcare [13,14]. Some results attest that teclyrextogptance for healthcare
is mainly based on the ease of use, usefulness, trust and managenpant ELjy16]. Privacy is also
a major factor for the acceptance of technology for healthcare [1fudrent research at the Network
Ageing Research group (NAR) in Germany [18], it has been showrthieséicceptance of AAL tech-
nologies by dementia patients is rather low in the initial stage as maintaining a familsylifés still
possible without help. However, acceptance can increase with psbgresymptoms that threaten the
independence of the patient.

The dynamism of AAL technologies and their adaptability to heterogenemireements and different
patients’ profiles and needs are among the main technical requirementsni&y iohethis paper. In the
literature, one may find work contributing to this field. Existing research @figgiion polymorphism
[19] and network selection [20] has helped on the portability of applicatiormaigh different devices
and on the network selection during device mobility. Some work already eXistgreg the discovery



of, and the interaction with devices [21,22]. The dynamic integration of en{isiessors, devices,
services, etc.) based on the use of a middleware and some semanticrmgpi@sevas introduced in a
position paper by Helal et al [23]. However, no environmental bindargsadded to the devices in these
approaches; thus, the use of devices is only based on their intrinsectd@stics without taking the
context of the patient into account. When it comes to sensors, some wedoht#ibuted to wide area
sensors network self-configuration [24]. However, strong cortiohe are yet to be found on context
binding of newly discovered sensors.

Rationale of our deployment approach

Our research aims at improving healthcare and quality of life for dementianpmtaring early stages
when cognitive impairments are still mild and amenable to assisted interventionreWaerested in
supporting healthcare in nursing homes by helping residents to performAtbkes and by providing
support to caregivers. Therefore, we are focused on devel@idgdeploying a technical solution
that will provide assistive services to help residents and their caregiVéis solution is designed and
developed from scratch to fulfil the requirements of a clinical environment.

Our approach is to start from a pre-deployment analysis conductedursemg home closely with end-
users (dementia patients) and specialists in dementia care (professi@uyN@as) in order to identify
the needs, develop and deploy a technical system based on the coléspigdments, then evaluate the
performance and usability of the proposed solution in real settings. Thieagh involves healthcare
specialists in the design process, as recommended by Orpwood & al[gg, Ve pushed further the
idea to include professionals in the evaluation of the performance anilitysaftine proposed solutions
in real life conditions.

We envision that such a multidisciplinary design approach, supportinglayslegnt in real life settings
is crucial; and that a simple system developed and validated in this way is nkerareand valuable
than a well-featured solution proven stable only in a laboratory. In factt ofitise systems in the field of
smart homes and dementia assistance work perfectly in a laboratory testiranerent; however, they
fall short when they progress towards commercialisation or real depluydue to the lack of collab-
oration with professionals in the domain and the restriction of these studiesorataties prototyping
and testing.

Some ideas for building prototype environments [25,26] are interestingegsh#ip to involve stake-
holders in the design and testing process. However, real life scersgasnlimited and cannot be
enumerated and tested in prototyping environments where there is only a limitdzenof users and
the technology is used only for a short time. In addition,these environmemstdaelp to evaluate
the technical usability of the designed system and the reaction of stakehoideal world settings.
Indeed, technical problems (sensors pulled off by patients, bad netwanectivity, etc.) and design
problems (household routines, multiple users, adaptability of the system ¢oeditfpatients’ profiles,
etc.) unpredictable in these environments during the design process arahiyappear at the system
delivery stage. These problems should be identified and resolvecehafat, during the development
phase.



Methods
Research approach to real life deployment
Choice of deployment environment

We chose to position our study in a nursing home as it simplifies the recruitmeansénting residents
and offers a semi-controlled environment, where professional earsgare present on the field, allow-
ing us to gather feedback and interest of stakeholders. We partniheanursing home hosting elderly
patients with mild dementia who correspond to our targeted population.

Peacehavena nursing home from Singapore’s Salvation Army, is our host and partribe current
study. It hosts around 400 patients with dementia ranging from stage 4 twbdaw to the GDS [2].
Residents on the second floor of this nursing home are at dementia stageesgtapwhile residents of
the third floor have a mild dementia evaluated at stage 4. Each level has mifgggional caregivers to
assist residents, although residents from the second floor need emta@se and help. We decided to
conduct our study on residents with moderate dementia from the seconevfiece caregivers have a
greater need of a solution to reduce their burden. The deployment waseplén three phases preceded
by a pre-deployment analysis and test phase as detailed in Table 1.

Table 1 Timeline for the development and deployment of our solution in e nursing home (14
months trial)

Timeline Description Activities
Mar 2010 - Mar 2011 Observations, discussions & prototyping
Apr - June 2011 Prototyping & Demo
Pre-deployment
Jul 2011 Application for ethics approval
Aug 2011 Ethics approval obtained
Aug - Oct 2011 Initial trial setup and field testing of system
Oct - Jan 2012 First phase (1 room, 4 months trial)
Deployment
Jan - Feb 2012 Analysis, features update & performance tuning +
Feb - May 2012 Second phase (1 room, 4 months trial) Ground truth
+
May - June 2012 Analysis & questionnaire survey Data analysis
June - Nov 2012 Third phase (3 rooms, 6 months trial)
Nov - Dec 2012 Analysis & questionnaire survey

Pre-deployment observations and discussions

Before starting the deployment, we chose to conduct weekly observatsioas with residents from the
nursing home during a three month period and to organise focus growssiisas with caregivers. As
residents have a common schedule daily, observation sessions confetimiving the daily schedule
with two or three of them and participating in weekly group activities (orgahigth 10 to 15 residents).
Table 2 illustrates some of our observations.



Table 2 A snapshot of data collected from observation sessions
Type of observation Observations
e Two to three beds in each room
e One bathroom is attached to each room
e Food and medications are taken in the common area
e TV is only available in the common area
e One resident (level 2) keeps on washing hand or showering foshour
¢ Assisting shower is very difficult for nurses
e Patients forget to turn off the taps
ADLs observation e Patients need instructions of what to do next
e Patients need encouragement to initiate activities
e They forget to continue activities if they were interrupted, e.g. forget
to finish eating after going to the toilet
e They forget things they have already done, e.g., some may shower too
often
¢ 10 to 15 residents
e 2 to 4 professional caregivers
e Participants are divided into small groups
e Caregivers need to give instructions

Rooms observation

Group activities observation

These observations were followed by discussions with caregiversdier ®o gain a comprehensive
understanding of the living conditions at the nursing home. Focus grisgps$ions were organised
each time with around 5 professional caregivers and doctors to digbassthe collected observations,
present some demos and discuss about possible improvements, as ve¢iéats pand caregivers’ re-
guirements, needs and issues. Discussions were tape-recordeartetthgith a reporting of main needs
based on a live questionnaire with questions collected from the field diopsemeetings, a session last
for around 2 hours and is dedicated for updates, exchange ancttidarar for the definition and val-
idation of the assistive services to be provided. Collected information werlgseed and processed to
produce meeting reports. It was difficult to extract meaningful informaftiom discussions with pa-
tients due to their dementia. For example, they may speak about events thappened a long time
ago as if they happened during the current day.

Participants’ characteristics and selection process

The staff from the nursing home selected potential subjects, in consultaitiothe doctors, and the
appropriate residents were approached to participate in this study. lihfsatiith unstable parameters
or life-limiting diseases (such as cancer or end stage heart failure)exelieded from the study. Those
with pacemakers and other required medical electronic devices for mogitaritmeatment (monitors
like telemetry, ECG, pulse oximetry, infusion pumps, etc.) have also beerdextl¥Ve have selected
only patients who could give informed consent in spite of dementia, basednoental competence
assessment of the patient done by a clinician steeped in dementia cargeotspaith dementia who
had a Legally Appointed Representative (LAR, usually a close relative) @ould provide informed
consent on their behalf if they lack mental capacity to do so. The stafftedlexparticipate to the study
were those who were actively involved in the day to day care of the seless@tents, and knew their
habits quite well.

Two patients living in the same room and two caregivers were first invdlvélde study. Later on, 6
other patients from two other rooms (3 in each room) were granted appooparticipate to the trial.
The eight patients are women living on the second floor of the nursing hothaged between 78 and
92 years. Two of them need minimal assistance (help to walk or to lie on thenbéld)the six others
need moderate assistance (help to take the shower or to eat). Table argmesrview of the different
patients’ profiles.



Table 3 Participants profiles

Patient Age Functional Status Room nb
Patient 1 90 Need minimal assistahce 8
Patient 2 92 Need moderate assistance 8
Patient 3 85 Need moderate assistance 8
Patient 4 79 Need minimal assistance 9
Patient 5 87 Need moderate assistance 9
Patient 6 92 Need moderate assistance 11
Patient 7 82 Need moderate assistance 11
Patient 8 78 Need moderate assistance 11

* Minimal assistance: Provided assistance consists only on elementaities (walking, lying, etc.)
** Moderate assistance: Provided assistance includes more criticatiast{eating, toileting, etc.)

To proceed with the deployment in real settings, the study was ethically\aggply the Institutional
Review Board (IRB) of the National University of Singapore (NUS) einthe number 11-222. After
the Consent Formsvere signed and collected, and before the start of the deployment, mitsemgse
organized to analyse personalised needs of selected patients withsee¢owprofessional caregivers
implicated in the study. Several assistive services related to each patitisms were identified.

Deployed system

The deployed system composes of low cost and non-intrusive s€espreressure sensors, proximity
sensors, vibration sensors, motion sensors), different deviceseohdation (e.g. speakers and tablets
for the residents, smart-phones and a nursing console for the @n®giand a centralized compact
machine deployed in each room. Sensors are used to monitor the residkatsjaire low level context
information while interaction devices are used to provide reminders and atitifis for patients or
caregivers.

The nursing home environment with the different sensors and interactMoes is described in Fig-
ure 1. In each room is installed a compact fanless Debian machine (1Bx3Blmm, 505g), mounted
with a 500MB RAM/500Hz CPU, a 8GB Compact Flash drive, the whole comsg only 5W. Sen-

sors are using the ZigBee communication protocol on a wireless sensarrkdtased on Crossbow’s
IRIS mote platform. A Crossbow node is connected via serial port to théaDehachine, serving
as gateway. The communication with other devices in the environment usas@huéor residents’

embedded speakers, a client-server communication over Wi-Fi for tsenguonsole (Windows 7 ma-
chine with touchscreen) or 3G for the nurses’ smartphones (SamsuagyG2 with Android 2.3 and

Apple iPhone 4 with iOS 5).

Figure 1 Partial floor map of the nursing home deployment.

Within the system, a software platform, assuring the context aware regsomirthe provision of assis-
tive services for the patients, was developed based on human and &chgigrements gathered from
the pre-deployment analysis, and installed on the Debian compact maclaaehofoom.

Data gathering & performance evaluation

In order to evaluate the performance of our system, and as we have conouitset/es not to use video
recording to preserve the privacy of the nursing home'’s residentsardivers, we have chosen to rely
on log-sheets filled by the caregivers and compared with our system\Wagkave collected all system
log data during our trial period of 14 months and extracted meaningfulnr&bon concerning sensors



states and patients’ context, then compared them with the caregiverdidegss Log-sheets provide
information about the ground-truth: caregivers were asked to fill themith hourly information about

patients’ location, patients’ abnormal behaviours and possible remadtde 4 is a sample of blank
caregivers’ log-sheet which was used for our ground truth datactigifethrough data entry into a
database.



Table 4 Sample of caregivers’ log-sheet

Date: Patient:

Where is patient Did patient shower Did patient forget Did patient forget Did patient wander Did patient ask for something?
right now? for too long? to turn off tap? to flush toilet? around aimlessly?
-Bedroom -Yes -Yes -Yes -Yes -Yes
-Bathroom -No -No -No -No -No
-Dining area If so what did (S)he ask for?
-Common area
-Other

Hour 1

Hour 2




In the Resultssection, we present the outcomes of our pre-deployment analysis adifféhnent techno-
logical requirements raised, then we expose our technical contributimisting in a software platform
able to respond to these requirements, e.g. by adapting to differentremeénts and patients’ needs
and profiles. Finally we evaluate the performance of the proposed sgsténve present the results of
our data analysis.

Results
Outcomes of the pre-deployment analysis
Human requirements

From our pre-deployment observations and discussions we gainettlanstanding of the living con-
ditions at the nursing home and the different problems that residents esgiveas are facing. It was
found that although residents were free to move around in the common anebim fact did so quite
frequently, the majority of the unsupervised time was spent in their bedroevashroom. Hence the
bedroom and its attached washroom were selected as the main areasstudgu

Caregivers relief In our observations, we realised that most of the assistive tasks ipexddoy care-
givers consisted of encouraging patients to start some activities, shtv@nginstructions on the first
several steps to follow, serving medication or asking patients to drink whigusually difficult to fol-
low and assist all the residents’ activities, especially during the night wiege are fewer caregivers on
duty and patients are prone to more critical situations. Therefore, garsgionsidered that reminders
and notifications could be helpful for them to be informed on how patientpexferming their ADLsS,
and to provide support as and when appropriate. In order not toaserthe attention needed from
caregivers, it has been decided that the system should remain silamheligsues are met by patients.
Notifications are to be raised only when a reaction is necessary.

Independent ageingResidents were found to have problems like showering repeatedly (some may
shower 3 times in the morning because they forget activities they have yaldeag), remain in the
shower too long (they stand in the shower and let the water running fortended period of time
because they do not know what to do), wandering (some just walk drioutheir room during the
night and do not go back to sleep) or using other patients’ belongingsp(stethe wrong bed or wear
someone else’s clothes). In order to assist the patients in these actidtiegivers emphasised that
reminders should first be sent to patients to encourage them to think aimds@rtze level of indepen-
dence. Caregivers should interfere only when the residents lose themwd are not able to solve their
problems independently.

Level of dementia Due to our dedicated design approach and validation environment, andentor
make sure patients experience an optimal engagement and usefulrespsiy@ment rises on the most
suitable level of dementia for assisted patients. Indeed, as introdudied, edders who are still able to
live purposefully without assistance would not feel the need for systies, hence acceptance would be
rather low. On the other hand, the system is designed to help patients kegpia Evel of autonomy
and therefore rely on their understanding of reminders, e.g. baseckrcéipacity to recognise the
purpose of some objects in graphical reminders. This means that patients pvithounced dementia,
in this case an advanced agnosia, would not be able to react to remiwtieris,would only build up
their frustration. From our exchange with clinicians, it has been deterntivagatients with dementia
at GDS level 5 would experience the most suitable assistance.



Personalised assistancé&ach patient has his own habits and caregivers should assist thendagec
manner and with different activities. Using our system, caregiversldtii@iable to register an interest
that keep track of which services are useful for which residentsic&srshould also be personalized to
the profile and the evolution of the disease of each patient.

Based on these outcomes, we have arrived at possible assistiveesehat can be provided for the
nursing home (using wrong bed, showering too long, showering withaag,svandering, tap left on,
fall detection, not sleeping at night), mainly via reminders or notificationses&hreminders should
be completely based on non-intrusive technologies, especially withoutesayt to video analysis.
We decided to focus on some key assistive services that are interestiihg ftaregivers and that can
be realized by our team to be first demonstrated in the laboratory. Fotcesefusing wrong bed,
showering for too long, showering without soap, not sleeping at nigbtewgelected. The nursing
home staff appreciated the lab demo and gave positive feedback. Thevaasriben showcased in
real conditions within the nursing home, without including real end-ussasegivers and patients).
Feedbacks were mainly focused on the reconfigurability, customisatioadaptability of the system
which were starting points for further development of the system.

Technological requirements

Discussions and feedbacks from the nursing home staff about theéypresalemonstrated in the labora-
tory and in the nursing home allowed us to set some technological requiretmarassoftware platform
for elders with mild dementia should fulfil.

Privacy Guaranteeing the respect of patients’ and caregivers’ privacyrenconfidentiality of the re-
search records is a major requirement. Many systems use video andexdafidimg to provide assistive
services [10,12]; this is however a serious issue when targeting deptbymreal settings. Therefore,
we are committed to use only non-intrusive sensors, without recoursg tddeo or audio recording.
In addition, collected data are anonymised and personal information deel emd then unlinked from
research data whenever any form of processing is done. This meeswpl information and privacy
sensitive data are separated from research data collected throulgaomhole deployment. In daily
data collection and analysis stages, only sensor data collected with nacyps@nsitive information
was used to measure the performance of the system.

Multiple people management Another aspect that needs to be taken into account in a real life de-
ployment is the fact that patients are not living alone. In Singaporejmu®me rooms are usually
shared between 2 to 4 residents. Moreover, caregivers need to ctintbdérmroom to clean and assist
the patients. An identification mechanism needs to be established to identify jpexige the room and
separate their data when possible. We decided to test the use of Ragiieifcg |Dentification (RFID)
tags for the identification of patients. These passive tags are embeddhs piesstic bracelets worn
on patients’ wrist. RFID readers are placed at major points of interebtagipatients’ beds or on the
wash-room entrance. Our system uses information from RFID retmigisntify users. When detecting
activity in one location without RFID information, the system infers the identigebleon partial infor-
mation from other readers. This process of identification allows us to padise services for different
patients.

Design for failure No matter how much effort is put in the implementation, ambient systems can be
prone to crashes. This is partly due to the reliance on several wirelessuaication protocols. Among
others, thick walls, temporary interferences or poor coverage am@r$athat affect the system'’s relia-



bility. We have also met problems related to the use of sensors, being bastegy & simply a curious
user pulling off the new “object” in his environment.

When systems are deployed in real settings, there is no more constanisiopeby technicians while
actual users count on the provided services to maintain their safetyelt@ring very costly to analyse
a crash or restart the system as it requires a specifically skilled pergmndown to the deployment
site. Moreover, if a crash is not detected or crash reports are nbinsartimely manner, this could
bring into question the safety of end-users. Hence, the issue of stabikity éakhole new dimension in
real deployments. Our idea here is tldasigning for failure which is a nice and luxurious feature for
laboratory prototypes, becomes a necessity in real life deploymeesigning for failures based on the
idea that crashes are inevitable and should be taken into account didggign and implementation
phases. It encompasses the following processes: ensuring the auteystdio recovery after crashes,
proper logging of information for crashes analysis, and proper segabgut the system health for end-
users.

Dynamism and adaptability of the system Our experience and more specifically the interaction with
stakeholders, has raised an important issue that needs to be tackle@riricdeploy a system for
assisting dementia patient in their environment. The dynamism and adaptabiligysyiiem are crucial
to the success of this deployment. Indeed, patients have differentibetsaand profiles, with the
possibility of progression of their disease. This will have an influence ernchivice of interaction
devices and assistive services to be provided for each patient. Iretise,sand unlike many systems
who have only one specific service (or functionality) to provide [8-@Q}, proposed system is designed
to be dynamic and scalable, allowing the integration of new assitive senaépesnding on the needs of
each patient.

Integrating new assistive services to the system possibly implies addingemsers and interaction
devices in the environment. The dynamic aspect of the system helps to inkkrdeat runtime, after
system installation. Targeting a large scale deployment also relies on thenidyaad adaptability
aspects of the system. Indeed, it introduces more diversity in patienfdeprand needs that need to
be handled, as well as more heterogeneity of the environments in whicbrseimgeraction devices
and assistive services will be deployed. The system has to be desigasd® improve maintenance
efficiency and upgrade speed by simplifying the associated technicags®es.

Specific technical contribution: software platform supporting dynamicity and adaptability

In our approach, we provide an adaptable and dynamic platform, thatatésgew assistive services at
runtime, and enables their binding to specific patients. It also allows newdtitaraevices and sensors
to be incorporated on the fly. In a similar study supporting dynamic platforifis iftegrated devices
and sensors are preconfigured and predefined for specific fnalities; thus, provided services are only
based on one sensor and the platform cannot provide assistiveesdpaiged on multiple sensors. In our
approach, assistive services are bound to multiple context informatiarteHire platform authorises to
attach sensors and interaction devices to several assistive serviaks® dllows their reconfiguration,
when needed, to be used for other assistive services.

Apart from the contributions in more general aspects of our reseatality described in this paper,
the technical contribution of this work consists mainly on a semantic reasoniclgamiem making use
of semantic web technologies, and a semantic Plug & Play approach baghd oge of the Open
Service Gateway initiative (OSGiand the Device Profile for Web Services (DPWS) [28] technologies.
On one hand, we propose a model allowing the semantic representation diffénent entities and
the context in a given environment. Based on the evolution of this model asu#t of contextual



information gathered from sensors, and using first order logic rulesplatform is able to perform
some context understanding and select assistive services and intedatioes accordingly. On the
other hand, the semantic Plug & Play mechanism allows the discovery ofrsemzbdevices deployed
in the environment, their representation into the platform as distinct modulethamdheir integration
into the service selection and provision process at runtime. This allows $tensyo integrate and
provide new assistive services, and adapt to its environment with simmafigaration and without
recoding or restarting the platform.

Semantic context modelling and reasoning

We decided to use semantic web technologies to create our model describirgvilonment, and
especially a semantic reasoner to drive the context-awareness in oarrplathis technology allows for
a more efficient separation between application logic and underlying moekisiloing the peculiarities
of the environment, and brings down to each entity the possibility to undenseavlgt discovered other
entities and to create bindings with the environment [29]. These criteriawgeyecrucial in term of re-
usability of the platform in personalized environments and its adaptability inndigrenvironments. For
our implementation, we use Euler [30] as a semantic reasoner. It is notabhgahefastest reasoners
we have found and is also the most lightweight of the reasoners we sedecie@dmpared [29].

We provide a semantic model (ontology) that represents the knowledgeetiiies in the environment
(including users and their activities, locations, assistive servicegsemsd interaction devices) and the
relations between them. Figure 2 shows the evolution of the ontology froniteah state to an updated
state resulting from a context change where the patient needs the asséstiicevander i ngAl ert .
During the night,pat i ent 2 is sleeping whilepat i ent 1 starts wandering. The relatiorjpres-
sureBed 1, hasStatus, silerathd (pirBedroom, hasStatus, firingjre created. The reasoning engine
infers that both the two patients are located in the bedroom, ang#tatent 1 is wandering while
pati ent 2 is sleeping. The respective relations are created. First order logis infler that the
pati ent 1 is interested in thevander i ngAl ert service. As this service is triggered during the
night and in order to not disturb other patients, the reminder is not sene@ptaker, and the relation
(caregiverl, inChargeOf, patientlg created. A natification is therefore sent to theer egi ver 1 on
hisi Phone.

Figure 2 Ontology evolution after a context update.

Rules applied by the semantic reasoner are first order logic rules. Asaampk, the rule below en-
sures the selection of an appropriate assistive service to provide totteetphased on the abnormal
behaviours we might detect.

V User u; Deviance dv; Service s
(u, perform, dv) A (dv, needService, s)

= (u, isInterestedIn, s)

Semantic plug & play mechanism

In order to ensure the dynamism of the platform, we based our implementattbe ase of OSGi, one

of the major specifications for the Service Oriented Approach (SOA) whastbeen used in numerous
projects for smart homes development [31-33]. OSGi allows to strucureaftware platform in a
modular way, permitting its flexibility, scalability, reconfigurability, and easeepfication. Using this
approach, we represented the different acts of assistance th&d bequrovided for the dementia patient
as assistive servicewhich can be integrated or removed from the platform at runtime with smooth



reconfigurations. This allows caregivers to select assistive semnvémzied for each patient, based on the
timely evolution of his cognitive health. The different sensing technologidsreteraction devices are
also represented into the platform as services (carefulasgistive servicgghat can provide context
information or display an assistive service and which can be addedguaoedior removed on runtime.
We chose to us@pache Feli%, a lightweight implementation of OSGi, which is easy to use in standalone
and is suitable for integration in the compact machines we are using for tiheyoemt as it takes up
almost 0% of CPU processing time and as low as 12M of RAM.

Our Semantic Plug & Play approach takes advantage of the DPWS techroldgglies on our seman-
tic representation and reasoning to detect new sensors and interactioesdae the environment and
integrate them in the reasoning process at runtime. Our implementation allowsdaheusemantic
representation of newly discovered entities once detected, then integraténto the semantic model.
These entities are later bound to specific context (object, location, acgitdty,through a configuration
tool in order to be integrated in the reasoning process. Using the sanwappnew assistive services
are also added and linked to different sensors and devices [34].

Figure 3, shows an example of a new assistive ser@oeler t ool ong) integration into the platform
with its related sensorp( r Shower andvi br at or Shower ) and interaction devicespeaker 2).
New relations are also created based on sensors and devices desanqtioonfigurations from the
configuration tool.

Figure 3 Ontology evolution after new service deployment.

Deployed services

Our solution was deployed in 3 rooms within the pilot site nursing home and ircRigatients for
the trial. The deployment started with an initial trial set-up and field testing ofythiers for technical
validation, without any interaction with the patients and caregivers. Thee thinases were planned;
during the two first phases the interaction was only with the caregiverdleztfeedback and analyse
the performance of the system. Patients were not included in the interactestectest the system
without affecting residents with eventual false alarms. The interaction witbrjia was initiated during
the last phase when we have significantly reduced false alarms genleyatesl system and increased
the system uptime.

We have provided 4 assistive services which were identified with the hdlpeofaregivers from the
nursing home based on some issues that participating residents were thavimgst frequently. We
can easily define specific problems for the residents and provide tailcg-asaiktive services using the
dynamic aspect of our software platform. The Four assistive servioegdpd are: 1) wandering at
night, 2) showering for too long, 3) leaving the wash-room tap on andiléj fall detection, which not
only correspond to actual needs for our residents but also repasegerous situations when they are
in dark or wet environment, and increases the likelihood of a fall. Tabledgsgn overview of these 4
services:

Wandering at night Some of our residents usually wake up during the night, go to the toilet, then
start wandering in the room without going back to sleep. We have deplyssivice to detect this
abnormal behaviour. Pressure sensors are deployed under thessesttog the patients’ beds to detect
their presence. During the night, if the patient is not detected on his bethamdotion sensor, placed

on the bedroom’s ceiling, is firing, the system infers that the patient is wigdand a notification is
sent to the caregivers on their smart-phones and nursing consolee dilgeno interactions with the
intended patient to avoid disturbing the co-resident during the night.



Table 5 Assistive services deployed in the nursing home
Service Sensors Interaction devices

Smart-phones

Motion sensor

Wandering at night Nursing
Pressure sensor
console
Speakers
Showering too long Mon_on sensor Smart-phones
Vibrator Nursing
console
Speakers
Leaving the wash-room tap on Proxmnty sensor Smart-phones
Vibrator Nursing
console
Toilet fall detection Motion sensor Sml\?rt-phoneS
Proximity sensor ursing
console

Toilet fall detection Falls represent critical situations for the patients and need prompt intenven
from the caregivers. They have been found to be more frequentraicéal in the toilet. In order to

quickly detect these situations and alert the caregivers, we have @dphaogtion sensors in the toilet
to detect the presence of the patient, as well as attached proximity sengw#ling to measure the
height difference of the patient. Once we detect a sudden change iritjig,rand after a while, if

the patient is still in the toilet and the height has not changed, an alert isoséat caregivers on their
smart-phones and nursing console.

Showering too long As explained previously, during the shower, some residents stand in diagish

and let the water run for an extended period of time because they do owt\What to do. This can

be detected by the system, which sends an advice to the patient or a notiftoatiencaregivers. To
ensure this, a motion sensor deployed in the shower detects the preserecpatient while the vibrator
attached to the water pipeline detects that he has started showering. Atmitii@ementary assistive
serviceshower without soaas suggested during the pre-deployment period, to detect that patient is
not using the soap during the shower, and to notify him to do so. Howeamgivers were interested
only on theshowering too lon@ssistive service for the patients involved.

Leaving the wash-room tap on Some patients forget to turn off the tap after washing their hands,
which may lead to a flood in the washroom and patients falling down. In ord@et@nt this, we have
deployed a service to detect when the tap is left on. The combination ofdkenity sensor to detect
the patient near the sink and the vibrator on the water pipeline to detect thaiptieeon, infers that
the patient is using the tap. Once the vibrator is still firing and the patient is ne near the sink, a
reminder is sent to the patient through the speakers to hint to him aboutgwfhthe tap. The reminder

is repeated for a fixed number of times configurable by the caregivdnseasonalized for each patient.

If the resident ignores the reminders, a notification is sent to the carsgive

Some research work have provided taps that are automatically turnedaoai$énof flooding [4]. This
could easily be integrated in our platform but it is not the objective herdedd, in our case, patients
should be motivated to perform their activities in the right way, and caeegshould be informed about
the evolution of their patients disease and how well they are performing ttteiitias. For example,
as shown in Figure 4, we have noticed one of our patients situation detienordormally she has less
than 6 reminders each day, but suddenly, we have detected an inoféz@seumber up to 12 reminders.
This would suggest that the patient’s situation worsened around 4th ahérich was confirmed by
the caregivers as they have also realised that she had serious prebtamedter this period.



Figure 4 Patient’s detected problems evolution.

The sensitivity of our AAL solution for the detection of these situations epwead to the ground truth
data analysis with 71% of confidence during the first phase of the depidyand has reached 83% at
the end of the deployment as will be explained later inSlgstem Performanceection.

In addition to these services, we have developeéx hour activities prediction servicbased on the
data analysis of log sheets from caregivers and system logs. Thicesallews the prediction of patients
activities (bathroom, common area, and room activities) in the next houy dsicision tree ensemble
and active learning with various parameters. This service was tested Mightsad and 5 (Room 9)
from March to October 2012 (8 months). We have reached an accaf&i?o and 68% respectively
for sleep and toileting activities prediction. This service allows the improveoferregivers’ planning
and time management especially during the night as they can know the patiivisies an hour in
advance and assist when necessary. This gives them more time toraaa éopatients.

System performance

Based on the analysis of our system data log, we have clasatfdgdgic events — e.g. the use of tap,
shower and locations — which happen 34 times a day in averagescamolexevents — corresponding
to deviances and services provision — which happen 7 times a day in avefdg comparison be-
tween these results and the ground-truth’s log-sheets during the fast joii the deployment reveals a
matching rate of approximately 71% on a weekly basis analysis.

The 29% of false alarms detected are related to distinct reasons. THdyeooerge from human errors
caused by caregivers imprecision in the logging time and by the fact that pdiients can use the
wash-room used for our deployment. At the same time, it is also related talegival failures such as
sensors failure (sensor removed, sensor out of battery, serda@tp#ost), reasoning failure (software
bug) and connection problems (Wi-Fi disconnection, ZigBee communicatiirgm). Our deployment
in the nursing home allowed us to highlight these main areas in which the systelstocbe improved.
Figure 5 shows the relative occurrence of each of these problemgtieglobal number of errors we
have detected during this phase. We worked hard on improving thesesaapd were able to improve
the average uptime of the system from 3 days in December 2011 to 11 dayayi2012. We have
also reached an 83% matching rate in the weekly context recognition parice during the last phase
of deployment. The more technical errors were considerably reduncedbly the batteries failure,
with the use of a new type of batteries and the development of a protocdh wivialves acknowledge
messages to switch off the sensors’ radio usage when it is not usedhaghiscreased the battery life
time from 5 days to 15 days. We are also working on improving the reasonigiges performance
through formal verification of defined rules using model checking teckasiq This allows to detect
some unwanted situations such as non-reachable rules which doesecbtled system precision but
increase the complexity and reasoning time, redundant rules causing muttijigéods about the same
situation and logically conflicting rules which can lead to conflicting and non &bgiecisions [35]. A
current work on incorporating a notion of uncertainty in the reasonioggss has been initiated to cope
with incomplete information derived from faulty hardware, delays betweedyztion and consumption
of the information, or even networking problems.

Figure 5 Pie chart for system crash reasons in the nursing home.

Another aspect we have considered as estimation of the performanae ©fstem, is the time needed
to set it up into a new environment. Before implementing the dynamic approachsawe had still
implemented the context awareness part in an imperative manner, it took dayteam of 2 research-
engineers to install and adapt the system in the nursing home environmeringMo the dynamic



approach and the semantic modelling, adaptation to a new environment with dtSc#jies took us
only 2 to 3 hours, most of which was to adapt the semantic model. This hasrhedmreduced as the
system intrinsic logic is kept unchanged. Once the system is installed, weutenifs reaction time;
calculated between the time a service is needed and the time it is delivereda$lasis hverage of 2.7s,
which has been refined in 1.2s for reasoning process, 0.7s for comatianibetween modules and 0.8s
for the processing due to other miscellaneous bundles. The effectivedinmdgrating a new assistive
service into the platform was about 2s for the deployment of one assistivice with two sensors and
one interaction device.

Data analysis

From two data sources (caregivers’ log-sheets and system logy,owiel@ two data visualizations of a
resident’s behaviour which illustrate that we can provide an early deteatiserious problems. This
is highlighted through one of our patient’s (Patient 5) data analysis. Tisgnguhome staff informed

us that this patient was seriously ill and had to leave the nursing home for ahé@iatment in late-

March 2012, which was detectable in the data gathered and corresgaadire patient's behaviour in
early-March. The proposed visualizations expose the patient’s retigiveity of activity in bathroom

(e.g. pass urine or motion), common area (e.g. watching television or eatirtggdroom (e.g. sleep)
when she starts to have medical problems and show the possibility to rectiygmideterioration of her

situation.

Figure 6 is a chronological heatmap of caregivers’ log-sheets (drouth) for patients 4 & 5 in Febru-
ary and early-March 2012 (1.5 months). The comparison of the two patetitgties demonstrate that
patient 5 has significantly more bathroom activities and lesser common &irees number of orange
blocks) and that she spends more days away from nursing home (thielgcis between colored ones)
for hospital treatments. When comparing patient 5’s data across the imtedtygeriod, we notice a sig-
nificant increase in bathroom activities for March 2012 compared taugeprvith more orange blocks.
It is very likely that this patient had serious medical problems during this gavith more frequent
bathroom visits, less ability for leisure activities, and more hospital visits falicaktreatment.

Figure 6 Chronological heatmap of caregivers’ log-sheets (grad truth) for Patients 4 & 5 (Room
9) in February and early-March 2012 (1.5 months).

This is also confirmed by Figure 7, which represent a chronologicahamaof system log data (sensor
data) cross-referenced with caregivers’ log-sheets (ground) fiatlthe bathroom activity of the two
patients in early-March 2012 (7 days). Visits to toilet are characterizaudiy amounts of vibration
and motion sensor firings while sleep is related to pressure sensor filigsn comparing Patient 4
with 5 for 7 days, Patient 5 has almost twice as many bathroom activities amalresident.

Figure 7 Chronological heatmap of system log data (sensor datajass-referenced with caregivers’
log-sheets (ground truth) for Patients 4 & 5 (Room 9) in early-Maich 2012 (7 days) for bathroom
activity.

Qualitative feedback

The feedback received from the Nursing Home staff has been eagiogr The deployment was promis-
ing in terms of demonstrated features and capabilities. In view of the expeetedits, the head of the
Nursing Home remarked that the staff would like to have the full system deglimyevery room. This
was encouraging since there was a perceptible change in attitude overrittesrdoring which the de-
ployment had taken place. The staff caregivers had become moreiadeptuse of smart phones and



appreciated the value of the underlying sensor based technologygfi tioe staff complied with the
completion of the manual log sheets, which was crucial as it was the onlydiognound truth available
in the absence of video camera based logs, they admitted having difficultiegasgstematically with
the extra work it represented. We discussed simplifying the logging mdieproviding a more auto-
mated logging media through tablets embedded in the environment and bringjirgalpwn to a few
clicks on touch-screens. Doctors were positive about the deploymdried that it would go a long
way to improve resident safety and add to the well-being and comfort oe#iéents (P Yap, personal
communication, Jan 15, 2013).

Discussion

In this paper, we have presented the approach we have adopted topdawd deploy an ambient as-
sistive living system for patients with dementia. This approach was basag@ideployment analysis
with implication of professional caregivers to set different human andhieal requirements that the
system should fulfil.

From a human perspective, requirements consist mainly of providingetlapsistance with different
activities based on each patient’s habits and profile. This assistanagrages the patient to start/stop
some activities or show instructions on the first several steps of eadlityactCaregivers need this
kind of assistance mostly in bedrooms where patients spend the majority of dysiadd during the
night when there are less caregivers. Patients, whose dementia skatlGDS level 5 for an optimal
experience, need to perform their activities in the right way and caegghould be informed how well
they are doing. Therefore, the provided assistance should incite pdtehiak and retain some level
of independence in performing their activities without just solving the proble Caregivers should
interfere only when the patient cannot resolve his problem.

From a technical perspective, the system should guarantee theypoivpatients and caregivers, and
manage multiple people in controlled areas. It should also be reconfigurabtemisable and adaptable
allowing caregivers to select different assistive services for seleetgdents and adapt them to patients’
profiles and diseases’ evolution. Caregivers consider that remiadersotifications are helpful to
provide assistance to patients and inform them about their situations. éntordope with technical
problems resulting from faulty hardware or network problems, the plati&should be designed for
failure that will allow system recovery, crash analysis and crash tepor

The real life deployment approach adopted not only allowed us to fix @iffieeent requirements but
also proved to be a source of different lessons learnt. In fact, éiffezhallenges have arisen from
our deployment in real settings. Problems such as batteries life, serswogal or network connec-
tion cannot be identified while performing experiences in the laboratorigsrwptimum conditions.
Deployment allowed us to expose the reasoning engine to more realistic mnpdegoscenarios, thus
leading to more robust and concrete performance evaluation. In addhi®involvement of profes-
sional caregivers in the design and evaluation process was veryhetpinaking sure we provide
a system that could respond to stakeholders’ and end-users’ needelps with the awareness and
acceptability of such systems.

Based on the ability of the platform to detect specific behaviours — and umspiigit information con-
tained in sensor data as well —, we hope to provide services that woultbradpect long term shifts in
the habits of patients as this represent a meaningful clinical element to itomitbctors and/or family
members. It has been shown in the data analysis section that some hindsiginéady available as we
can predict a few days in advance the degradation of a patient’s condMidinst, we considered gath-
ering manual log-sheets filled by nurses on the field to get some approxigratatd-truth that would
help us evaluate the system’s recognition performance. However, &sltigesheets were as parse as



our sensor data, it was very difficult crossing the data to estimate the'parice. The interesting point
though, is that we unexpectedly realised that data from manual nurgeshéets was at least as valu-
able as our sensor data, in the sense that by using the same kind of algevighnese able to extract
very meaningful information about patients’ habits and health. One of ojortessons learned is that
providing a more automated, electronic and pervasive manner to gatheathisam nurses on the field
would be a very useful feature to integrate into further AAL solution; redyiwvith backend algorithms
analysing this data and making valuable clinical knowledge available.

The adopted deployment approach requires a lot of time and manpower mihic cause deliverables
delays. In fact, we were working on solving technical problems andtadppew approaches that
are required for real life deployments in order to increase the systennaamycform 71% to 83% and
uptime from 3 to 11 days. In addition, the use of some technologies sucimasitée web and OSGi
is beneficial to guarantee the dynamism and adaptability of the system biresegpecific skills with
a time consuming learning curve. In order to increase the system uptimer &atieries lifetime was
increased from 5 to 15 days, which is still considered to be short durendeployment. We are trying
out a different sensor platform and up until now, we have reachedMhaof autonomy.

Despite our deployment of interactive devices for the residents and theston of the trial from two
to eight patients, the number of participants is still limited, hence a significantrgrobdata is miss-
ing to provide meaningful results. Further surveys concerning the ingrasbcial and health aspects
are needed, and should be realised during future larger scale depisyasewe now have a system
that is quite stable, and quickly deployable and adaptable to differenbenvents. Still a significant
contribution is provided in this paper, as we demonstrated the system’s reffidie detect signs of
health deterioration and abnormal behaviours of residents. The qualife¢istback and lessons learned
provided can also serve as inspiration for developers of assistivg béarvices.

Conclusion

In this paper, we have presented an approach to deploy assistiveltagies, that starts from a pre-
deployment analysis on the field in a collaborating nursing home with implicatioroééssional care-

givers in order to gather human and technical requirements. We havertheded a high-level overview
of a software platform that responds to these requirements which wiayddn our collaborating nurs-
ing home for 14 months with 8 patients and 2 caregivers. An analysis of thecdbected during this

deployment allowed us to demonstrate the ability of the proposed solution t¢ aletecmal behaviours
and to evaluate the performance of the system with the help of caregesieployment also helped
us to extract a set of lessons learned that will serve for furtherngdseark in the domain.
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