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Abstract

Objectives: The core objectives of this study centre on enhancing the quality of life and well-being of individuals diagnosed
with Parkinson’s and Alzheimer’s diseases. Our aim is to facilitate the monitoring of patient information, benefiting both
caregivers and healthcare professionals.

Methods: As part of the PROCare4Life platform sensorial ecosystem, a web application with six engaging cognitive games
focusing on developing cognitive training and stimulating brain activity are developed. A set of metrics calculated by the
application feed machine learning predictive models to evaluate the cognitive status and evolution over time. Long-term
analysis of the daily cognitive ability information is used to generate high-level outcomes and identify deviations for each
patient from the multimodal fusion engine. And based on these results, a recommender system provides a set of persona-
lized notifications.

Results: A 3-month pilot study that took place in five different countries shows the results obtained from 93 patients. An
average of 22.4 games were completed per day and the recommender system generated a total of 260 game notifications,
37.7% of them were marked as read by the patients. The Cognitive State Score and the Deviations in Cognitive Abilities meas-
urement, calculated by the multimodal fusion engine, when used in conjunction present a good overview of the patient’s
current state and potential deviations.

Conclusion: The cognitive games application was well-received by elderly individuals who took part in the study. This tool
can be valuable for caregivers and healthcare providers in assessing the cognitive function of patients through engaging in
cognitive games.
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Introduction
Healthcare and social systems are key areas of focus for
investment and research. Proof of this is the trend of spend-
ing on healthcare by the different countries in Europe.1 The
main motivation is due to the aging of the population,2,3

thanks to the improvements in health services.4 However,
an ageing population brings with it an increase in a set of
diseases such as cardiovascular, diabetes, mental or phys-
ical and neurodegenerative disorders.5,6
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Dementias, such as Alzheimer’s disease (AD),7 and
Parkinson’s disease (PD)8 are the most common chronic
pathologies and the main causes of disability and depend-
ence in older people worldwide. Both diseases profoundly
affect the quality of life of people who suffer from them,
and even their families and caregivers.

PD is a neurodegenerative disorder9 associated not only
with motor symptoms such as slowness, movement, tremor,
rigidity, gait disturbance or imbalance, but also associated
with a wide range of non-motor complications such as cog-
nitive impairment, mental and sleep disorders, pain, or other
sensory disturbances that make difficult to carry out daily
activities. PD mostly occurs in older people, and it is one
of the fastest-increasing neurological disorders in terms of
affected people with an estimation of 8.5 million people
affected by 2019.10

On the other hand, dementia may be a progressive con-
dition,11 and is characterized by a deterioration of cognitive
function and loss of the ability to process thought (memory,
intellect, behaviour, and ability to perform daily activities).
Dementia is often accompanied by impaired emotional
control, social behaviour, and motivation. Although the
forms of dementia are many and diverse, AD is the most
common form, accounting for 60%–70% of dementia
cases. Other common forms of dementia include vascular
dementia and Lewy body dementia.12 Annual cases, with
numbers around 5% and 8% of the general population
over 60 years of age suffering from dementia at some
point in their lives, represent a projected reach of 82
million by 2030 and 152 million by 2050.13

The focus of this work is the Personalized Integrated Care
Promoting Quality of Life for Older People (PROCare4Life)
project.14 PROCare4Life aims at developing and testing a
technology-based, integrated, scalable and interactive care
platform, aimed at neurodegenerative patients such as
Parkinson’s and Alzheimer’s, caregivers, and healthcare pro-
fessionals. The study protocols for investigating user needs
under PROCare4Life were made in Ahmed et al.15 and the
results were presented in Ahmed et al.16

The main objective of the project platform is to improve
the patient’s quality of life by providing relevant informa-
tion such as the patient’s state of health, or the generation
of personalized recommendations that can help improve
their well-being. The platform has different types of inter-
faces: A web application for healthcare professionals and
caregivers to manage and monitor patient information, a
mobile application for patients to access and manage their
data on the project platform, and a web application with
six cognitive games.

The cognitive games application is used in the
PROCare4Life project to assess the cognitive ability of patients
and its evolution over time. Through the information collected
during the gaming sessions, such as the user interaction with the
application, click tracking, the level of difficulty of the games,
the time taken to complete a game and the score obtained, a set

of cognitive characteristics are obtained for each patient in terms
of concentration, mathematical calculation, object and vocabu-
lary recognition, short-term memory, and visual attention.

The application makes use of the recommendation
system (RS) implemented in the project. Different types
of recommendations are provided to patients with the
purpose of improving the experience with the use of the
application. Literature about RSs presents interactions on
how to improve the general well-being of elderly people.
Initial research was proposed in Azmi et al.17 using
Collaborative Filtering, which group users with similar con-
ditions to recommend interventions, previously used on
similar users. In Hammer et al.,18 the work describes the
development of a display with which users interacted, and
from which they obtained feedback after answering a
series of quizzes. Interesting work in, describing. More
recent works extract additional behavioural information to
propose RS. These works19,20 were possible thanks to a
data-driven mechanism to propose actions based on user
preferences changes.

Related work
PD and AD affect each person differently, depending on the
impact of the disease and the personality.21 In dementia dis-
order, there is no treatment that can cure the disease or
reverse its progression. However, there are medications
that can temporarily help and alleviate symptoms for
certain periods of time.22

Moreover, there are also numerous interventions that can be
offered to support and improve the quality of life of people with
dementia, their caregivers and family members. Initiatives such
as the World Health Organization (WHO) guidelines for redu-
cing the risk of cognitive decline,23 aim to promote brain health
and reduce the risk of Alzheimer’s and other dementia through
brain stimulation and cognitive training. Dementia is preceded
by cognitive decline24 and some studies have shown that
increasing cognitive activity can stimulate (or increase) the cog-
nitive reserve and have a damping effect against a cognitive
decline.25 Music, art, occupational therapy, physical exercises,
or brain games are leisure activities that allow patients with
this type of disease to regain a good level of self-confidence
and, above all, to maintain their autonomy and slow down
the loss of abilities due to dementia.26

Previous projects, such as the European project
ICT4Life (ICT services for Life Improvement For the
Elderly),27 reveal that patients with this type of neurodegen-
erative disease identify useful and positive the technology
to increase their freedom and independence. According to
a study by the ICT4Life project,28 the use of cognitive
games was an effective methodology for cognitive training
and brain activity stimulation. Accepted by patients, care-
givers and healthcare professionals, the results revealed
the use of these types of games as an opportunity to
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improve patients’ well-being, entertain and train cognitive
skills.

In recent years, so-called serious games have emerged
due to the aging of the population. Applied in the health
and scientific sectors and even in training, they are educa-
tional games designed with a main objective other than
pure fun or entertainment.29

Serious games bring benefits and have a great potential
to improve people’s motivation,30 stimulate cognitive abil-
ities and improve people’s daily lives.31 Some analyses32–35

were made about the impact of video games on children and
students for improving cognitive skills and learning. In
elderly people, other works36–38 also present performance
improvements by using games to train cognitive abilities
such as memory, attention or spatial processing,39 and for
Alzheimer’s patients for brain training and stimulation of
cognitive abilities.40

Carleton Word Search Game and Carleton Sudoku
Game41 allow to track and measure the cognitive change
in older people, Smart Thinker game42 allows older
people to exercise the brain and achieve maximum cogni-
tive performance, Ikiiki-pom game43 and Seeker game44

allow to train cognitive skills in a fun way. Protect Brain
Training Study and Big Brain Academy games45 were
used in clinical trials to train and test reasoning, planning,
concentration, identification, mathematics and memory.

Materials and methods

PROCare4Life setup

The initial concept of the PROCare4Life architecture is
comprised of four elements which are observed in
Figure 1: A low-level structure, collecting sensor and raw
data from the patients; a high-level structure, processing
and storing the information with AI services; interfaces

for the users; and finally the backend components providing
support functionalities to the platform.

The low-level structure is built around the sensorial eco-
system, which is responsible for the data acquisition, pre-
processing and management from the different sensors
and devices of the platform. For the PROCare4Life plat-
form implementation, the sensors and devices considered
included a wristband, a smartphone (IMU sensors and
GPS), binary sensors, a camera for skeleton tracking, and
a tablet for the web access of the platform and the cognitive
games.

As part of the PROCare4Life platform sensorial ecosys-
tem, a set of cognitive games have been developed to
collect data and measure patients’ cognitive skills. The cog-
nitive games application is considered in the project as an
essential system because it is the main tool used by patients
with PD or AD to determine their cognitive status, stimulate
brain activity and develop cognitive training.

The general flow can be observed in Figure 2. Using the
information collected by the application during a game
session, a set of data, metrics and statistics are obtained to
determine the patient’s cognitive status and to evaluate its
evolution over time in terms of cognitive skills. This
exhaustive information such as user interaction including
execution times, button click tracking, navigation into the
application, game characteristics, times, scores and other
relevant data are stored in the project’s databases, where
each patient has their corresponding gaming sessions.

The information stored in the databases is used to feed
the machine learning predictive models implemented in
the multimodal fusion engine. In this engine, the cognitive
games results are used as daily cognitive ability information
for the patients. A long-term analysis needs to be performed
on this daily information to generate high-level outcomes
from the game results. Furthermore, the long-term analysis
results also indicate the deviation or the improvement from
a baseline for each patient.

Based on the two sources of information, the data col-
lected by the application and the data generated by the
multimodal fusion engine, the RS generates a set of perso-
nalized recommendations for each patient, with the aim of
providing them a better user experience with the applica-
tion. The RS has all the necessary information to know
the patient’s use of the application and the results obtained.

Figure 1. Personalized Integrated Care Promoting Quality of Life for
Older People (PROCare4Life) architecture. Figure 2. Services interaction architecture.
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Situations such as low usage of the application, always
playing the same games, choosing inappropriate levels of
difficulty or bad use and interaction with the application
are detected by the RS. In this way, to help the patient the
next time the patient uses the application, the RS generates
and sends a set of notifications that best suits each patient.
These recommendations are displayed, as notifications, dir-
ectly in the cognitive games application.

Cognitive games

The cognitive games application is a web application devel-
oped in HTML (HyperText Markup Language), Cascading
Style Sheets (CSSs) and JavaScript. To keep the web appli-
cation on a single web page, AngularJS is used as the open-
source JavaScript framework. Also, Bootstrap version 3.0 is
used for the design of the application. These programming
languages and versions are compatible with web browsers
pre-installed on Smart TVs. The application can be used
on Smart TVs regardless of the model and brand, or on
tablets, smartphones or laptops.

The application has six different entertaining games that
focus on stimulating visual attention, concentration, short-
term memory, understanding, semantic memory, vocabu-
lary, mathematical calculations, and object recognition.
The six games, together with the different levels of diffi-
culty and the different content categories, make the applica-
tion accessible to all patients who participated in the
PROCare4Life project, regardless of the severity of the
disease, if they met the eligibility criteria discussed at the
end of this section. Table 1 summarizes the objective and
medical justification for each of them.

Game 1 – Concentration. The objective of this game is to
find matching pairs of cards, from a pack of cards laid
with the face hidden. For this game, there are four categor-
ies available: Colours, faces, fruits and sports, and three
levels of difficulty, increasing the number of hidden pairs
to find. In this way, in level 1 there are 8 cards or 4 pairs

to find, in level 2 there are 12 cards (6 pairs), and in level
3 there are 16 cards (8 pairs).

During the game, the user selects two cards, which will
be flipped over, showing their value. If the two cards match,
a point will be counted, and the cards will remain face up. If
the cards do not match, they will be turned face down again.
The end-user will continue selecting pairs of cards that
could be a match. The game ends when the patient finds
all the matching pairs of cards.

In total, there are four different categories (colours,
faces, fruits and sports). For each category, there are three
levels of difficulty. Figure 3 represents the fruits category.

Game 2 – Guess what?. The objective of this game is to
guess the hidden object as quickly as possible, while the
image is getting progressively less blurred. For this game,
there are 60 different sets of images of different topics
(animals, places, technological devices, musical instru-
ments, vehicles, nature, etc.), and in this game, there are
no different levels of difficulty.

During the game, the patient is given a blurred image of
the object to guess, four different possible answers to what
the object is, and additional simple clues related to the
object. The image becomes progressively less blurred,
and therefore easier to see and guess, until it becomes com-
pletely sharp and clear. The patient must click the correct
answer out of the four possibilities. There are 10 images
per object, or in other words, 10 different levels of blurring
(level 7 of blurring in Figure 4). The image is updated every
5 seconds.

A new object is reset if the patient clicks an answer
(correct or not), or the patient has not provided an answer
and the image was displayed completely sharp, after the
10 levels of blurring. The game ends after five ‘Guess
what?’ objects.

Game 3 – Guess the word. The objective of this game is to
guess the hidden word by suggesting letters, one by one,
within the 10 attempts or lives. For this game, there are

Table 1. Cognitive games and measured cognitive abilities.

Game ID Game name Cognitive abilities Description

Game 1 Concentration Visual attention and short-term memory Pair of cards

Game 2 Guess what? Object recognition Blurred image

Game 3 Guess the word Vocabulary recognition Hidden word

Game 4 Trivia Concentration and mathematical calculations General questions

Game 5 Bingo Visual attention and object recognition Objects and shapes

Game 6 Memory challenge Short-term memory, visual attention and object recognition Image memorisation
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more than 50 different words available on different topics
(objects, days of the week, colours, numbers, months of
the year, adjectives, verbs, sports, foods, countries, profes-
sions, …), and there are not different levels of difficulty.

During the game, the patient can see how many letters
are in the word and is given an additional simple clue
related to the hidden word. The patient then proceeds to
click on a letter that could be in the word. If the suggested
letter occurs in the word, it is shown in all its correct posi-
tions. If the suggested letter does not occur in the word, the
patient will lose one attempt or life. The patient then con-
tinues to click on possible letters included in the hidden
word. The word is reset if the patient guesses the word or
consumes all 10 lives. There are five hidden words to
guess in each game. Figure 5 shows an example of this
game. In this case, the hidden word was ‘POTATO’.

Game 4 – Trivia. The objective of this game is to get as
many correct answers as possible from 10 questions about
general knowledge, vocabulary, and mathematical

operations. For this game, there are 60 different questions
available on different topics, and there are no different
levels of difficulty.

During the game, the patient is asked a question with
four possible answers. The patient selects the answer that
is considered correct and then the game proceeds to the
next question. The game ends after 10 questions. Figure 6
shows an example of a question for the trivia game.

Game 5 – Bingo. The objective of this game is to match the
items in the user’s box with the items being displayed pro-
gressively on the screen. There are four categories avail-
able: numbers, foods, animals, and flowers; and three
levels of difficulty, which increase the number of items to
be selected by the user. In level 1 there are 2 cards in the
box, in level 2 there are 4 cards in the box and in level 3
there are 6 cards in the user’s box to match.

During the game, new items will be displayed on the
screen every 5 seconds. In total, there are 30 different
objects. Whenever one of these new items matches with
the ones on the user’s box, the patient must mark it. The
game ends when the user has marked correctly all the
items in the user’s box or when all the available items (30
items) have been displayed.

This game allows to play four different categories
(numbers, foods, animals in Figure 7, and flowers). Each
of them has three levels of difficulty. The number of
items to match increases with the level of difficulty.

Game 6 – Memory challenge. The objective of this game is
to memorize a set of cards at each time interval and be
able to correctly identify them in a larger group of
random cards. There are three content categories available:
Traffic signals, flags, and emergency signals; and three
levels of difficulty, increasing the number of cards that
the patient has to memorize. Both the number of cards to
memorize and the group from which to check increase
with the level of difficulty. In level 1 there is one card to

Figure 3. Game 1. Example using the fruits category.

Figure 4. Game 2. Example using level of blurring 7.

Figure 5. Game 3. Example with Hidden Word game.
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memorize, to be selected from two possibilities, up to level
3 in which there are three cards to memorize and to be
selected from a group of five.

For each content category, there are 30 different items.
During the game, cards are displayed for 5 seconds and
the patient must try to memorize them. When the time is
up, those cards are flipped face down. Then, a larger set
of cards is displayed and the user must mark those that
are considered to have been shown initially. A new set of
cards to memorize is reset when the user completes an
attempt to click on a possible set of cards in the round
(correct or not). The game ends after five rounds.

In this game, there are three different categories avail-
able to play (traffic signals, flags in Figure 8, and emer-
gency signals). The number of items to memorize
increases with the level of difficulty.

Data collection. The application is responsible for collecting
all the relevant information that is interesting to determine
the cognitive status of the patients and measure certain

aspects related to user interaction and user navigation into
the application. Every time a patient completes a game,
the information collected is processed, sent to the project
platform, and stored in databases. The data collection
must be associated with a specific patient registered in the
project platform, so authentication by the user in the appli-
cation is mandatory before starting to play games.

The format used for sending the game summarization is
the JavaScript Object Notation (JSON) format. To simplify
the data collection, the game summarization JSON has the
same structure in all six games and the type of information
is always the same: Application information, game informa-
tion and session information. Application information con-
tains data related to the customization of the application
such as the language, the style and the text size. Game infor-
mation contains data related to the game completed by the
patient such as the game identifier, the content category, the
level of difficulty, the score, the time taken to complete
the game or the interaction during the game. Session infor-
mation contains data about the whole game session, under-
standing by game session the set of games played by the
same patient during a continuous time interval. Session
information is a summary of the most important informa-
tion of all games completed in the session, as well as
general information about the user’s interaction during the
entire session.

User interaction data provides very useful information to
understand how the user experience is, if the user knows
how to use the application, knows how to play the games,
or has difficulties understanding it. To measure this data,
a set of identifiers have been defined for each object,
element and button that are part of the application. In this
way, each click event is associated with a specific action
at a specific time, thanks to the implementation of different
clocks in the application.

Among the large numbers of click-type identifiers con-
templated in the application, there are two types that are
very interesting to consider in order to know if the patient

Figure 7. Game 5. Example using animals category.

Figure 8. Game 6. Example using flags category.Figure 6. Game 4. Example based on questions.
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has problems when playing. The first type is the ‘undefined’
identifier. An ‘undefined’ click type indicates that the click
has occurred in an area of the screen where there is no
element, image or button, and where a priori the patient
should not click when playing the games or interacting
with the application. The second type is the ‘disabled’ iden-
tifier. A ‘disabled’ click type indicates that the click has
occurred in an element, image or button that are part of
the games, but which is not contemplated to be clicked to
continue the progress of the game (for example, it may be
the case of question boxes, images to decorate the games
or elements that have been clicked before). During the
game session, many clicks with these two types of identi-
fiers could indicate a strange behaviour of the patient
when playing or sensorimotor difficulties interacting with
the application. In the same way, taking a long time to inter-
act with the application or starting a game and not finishing
it, can be relevant information to take into account in the
analysis.

Data processing. The game summarization includes pro-
cessed information, based on the data collection, which
allows defining three different metrics to evaluate how
well a patient has completed the game in terms of scores
(matches, correct answers, attempts needed to complete
the game…), times (time needed for the patient to finish
the game) and interactions with the applications (clicks
needed to complete the game, correct clicks, wrong
clicks…). The metrics are normalized between 0 and 1,
where 1 would be the maximum score. The numerical
value of each of the three metrics is determined based on
a comparison between the results obtained in the game
and a set of pre-established thresholds. These thresholds,
such as the approximate time, the number of attempts
needed or the number of interactions the patient needs to
complete a game correctly, were subjectively defined
based on the feedback from caregivers who observed a con-
trolled group of patients. PROCare4Life project ensured
that at least two caregivers and five patients from the coun-
tries participating in the pilot study were involved in the
definition of the thresholds, testing the different games
and difficulty levels during the development and implemen-
tation phase of the application. This sample of selected
patients would later participate in the study, according to
the eligibility criteria discussed at the end of this section.
Depending on whether the results are better or worse than
the pre-established, and on the difference between the
values, these numerical values of the metrics are obtained.

Combining these three metrics a global metric is
obtained, a metric to determine how well a patient has com-
pleted a game considering all possible aspects. The metric is
also normalized between 0 and 1, and different weights
have been used to define it: A weight of 0.5 for the
metric of the score, a weight of 0.25 for the metric of the
time, and a weight of 0.25 for the metric of the interaction.

The selection of these weights gives more importance to the
score obtained in the game, and less importance to whether
the patient spends more time, or additional clicks to com-
plete the game. Patients knew the importance of taking
the time to complete the game without having to do it as
fast as possible. This fact considerably reduced the pressure
that patients could feel during the game sessions.

Apart from the metrics mentioned above, data related to
user interaction is also processed. The values of maximum
time between clicks, the minimum time between clicks and
the average time between clicks, are values that would indi-
cate how fast or how slow the user interacts with the appli-
cation. Interacting too fast or too slow with the application
may be a symptom of incorrect use of the application and a
lack of knowledge of how to play a game.

Multimodal fusion engine

The multimodal fusion engine aims to generate high-level
representations of a plethora of sensorial data collected
from the patients and analyse long-term changes in each
patient’s condition. The engine utilizes the procedure
described in Ghaleb et al.46 to generate a single high-level
value (CSS) which represents the cognitive abilities of a
patient using data collected from the cognitive games.
These abilities are concentration, math calculation, object
recognition, short-term memory, visual attention, and
vocabulary recognition. The engine then performs the devi-
ation analysis to obtain the probability of observing devia-
tions in cognitive abilities using other modalities that affect
a patient’s cognitive state such as physical activities
assessed using daily activity measurements (energy
expenditure, inactivity, walking patterns, indoor mobility,
heart rate) obtained from the wristband and binary
sensors, motor functions assessed through the frequency
of daily disease-related symptoms (bradykinesia, freezing,
wandering, etc.) obtained from wristband and smartphone
sensors, sleeping patterns using wristband sensors and
medication intake with daily self-reports of the patients.
The integration of these other modalities and the concept
of long-term analysis follows the procedures described in
Ghaleb et al.46 Figure 9 presents the overall concept of
the engine and illustrates the relationship between each
game and the cognitive ability being measured.

The engine calculates the CSS weekly using the global
metric value obtained from each game. For each cognitive
ability, a performance value is calculated using all global
metric values from the corresponding games to represent
the state of a patient with six values each day. The values
for the cognitive abilities that are represented in multiple
games are calculated as the mean score of the related
games. The daily game performances of the week CSS is
being calculated for and the previous week’s values are
concatenated to form a vector with 14 values. Then, for
each ability, the long-term analysis score calculation
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procedure described in Ghaleb et al.,46 which is the second-
degree polynomial regression, is applied to obtain an inter-
polation value on the 14th day and the result is normalized
with min-max scaling to obtain values between 0 and 1,
where 0 represents the worst condition and 1 represents
the best condition. Finally, CSS is obtained with a weighted
sum of all six values according to Equation (1) where C
represents a patient’s current concentration ability, MC is
the mathematical calculations ability, OR is the object rec-
ognition ability, SM is the short-term memory, VA is visual
attention, VR is vocabulary recognition, Wability is the
weight for the corresponding cognitive ability, which are
obtained from the expert opinion of clinicians specialized
in PD and AD diseases in six different clinical organizations
by taking the normalized mean of their responses to the
impact of each ability on the representation of an overall
cognitive state assessment in a 5-point Likert scale
survey. The weight of an ability is calculated as the ratio
between the sum of survey values for the ability and the
sum of all survey values.

CSS = C ∗WC +MC ∗WMC + OR ∗WOR+
+ SM ∗WSM + VA ∗WVA + VR ∗WVR

(1)

The obtained CSS is incorporated into a fusion system that
detects probabilities of observing deviations from a
patient’s regular routines. The fusion system aims to
detect anomalies and deviations from everyday routines in
physical activities, adherence to medication, motor func-
tions, sleeping routines and cognitive abilities and benefits
from a computational framework that utilizes the domain
knowledge of clinical experts to support health and care
professionals to better interpret a patient’s conditions.

The proposed approach utilizes Bayesian Networks
(BNs)47 which are probabilistic models that represent a
set of variables and their conditional dependencies in a
directed graph, to take advantage of their strong

computational power that can combine deterministic and
data-driven approaches. The structure of the BN was deter-
mined through extensive interviews and needs analysis with
clinical experts on the relation between each modality and
different categories of potential decline to be monitored
by health and care professionals. The conditional dependen-
cies are integrated through a linear approach for the discrete
BN designed, where clinical experts can integrate their
domain knowledge to personalize the impact of each
modality (cognitive states, physical activities, motor func-
tions, medication intake and sleeping patterns) on the devia-
tions in cognitive abilities based on their knowledge of each
patient. This is achieved through dedicated interfaces to
indicate the impact of each high-level representation
(modalities or scores) on the categories, where the decline
in cognitive abilities (DCA) is one of these categories.
The clinical experts can assign an impact value for each
modality on DCA from 0 to 1 in 0.2 intervals, where
higher values represent higher contribution to the deviation
of the cognitive ability. Then, these values are normalized
to present a sum of 1 over each impact value. Each modality
is considered to have two states: High, where a high value is
observed in the patient and Low, where a low value is
observed. Finally, for each condition, the conditional prob-
ability is calculated using Equation (2), where N is the
number of modalities, Wi is the normalized impact value
of a modality, MS is the states of the input modalities,
and S is the state, which can be either 0 for Low and 1 for
High states. For example, P(Deviation=High ‖ L,L,L,L,L)
presents a high probability of observing deviations given
that all modalities are observed to be Low.

P(Deviation = S‖MS) =
∑N

i=1

Wi × S (2)

In order to address the probabilistic nature of the BNs, the
main set of probabilities needed is the probability of a

Figure 9. Multimodal fusion engine and its relation to the cognitive games.
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patient obtaining low values from each modality based on a
reference measurement. The proposed approach utilizes the
score calculation procedure described in Ghaleb et al.46 to
obtain both a representation for the 14th day, which is the
current week’s representation and on the seventh day to
obtain the baseline reference value. The frequency of obtain-
ing values in the measurement week (the second 7-day
period) that are lower than the reference value (the score for
the first 7-day period) is used to obtain the probability of
observing low scores, P(Modality = Low), over the week.47

The probability of observing high values P(Modality =
High) are calculated as 1− P(Modality = Low).

The conditional probabilities and the probabilities
obtained from the patients then utilized in the network
with clinical experts’ impact assessments to generate the
potential deviation probability for observing DCA, where
higher values present a higher probability of a decline or
a deviation and lower values are desired for a patient’s pro-
gression on the positive direction. This probability is com-
puted as follows in Equation (3), where MS is the all
potential combinations of the internal states, CA is cogni-
tive abilities, PA is physical activities, MI is medication
intake, MF is motor functions and SP is sleeping patterns:

P(DCA=H)=
∑

P(DCA=H‖MS)

= P(DCA=H‖L, L, L, L, L)×P(CA= L)

×P(PA= L)×P(MI = L)×

P(MF = L)×P(SP= L)+ . . .+
P(DCA=H‖H,H,H,H,H)×P(CA=H)

×P(PA=H)×P(MI =H)×

P(MF =H)×P(SP=H)

(3)

Cognitive skills recommendations

Cognitive skills recommendations (CSR) are a dynamic
experience overall, with immediate recommendations
being possible with the most recent games results and col-
lected information, while longer-term actions are possible
through the combination of information output from the
multimodal fusion engine as well. This combination of
information results in the production of patient-centred
notifications.

The CSR on the other hand, has the advantage of being
an area whose development can be considered to be able to
be carried out in relative isolation from the rest of the com-
ponents of the platform, as it uses a unique interface to
interact with the patients and collect information.
However, it also allows for a continuous increase in com-
plexity as it advances from considering the game-processed
data to being a part of essentially every other modality
change that could be considered in the platform, as well
as it being potentially impacted by other modalities as well.

The RS collects data from a whole week, analyzing these
data to provide some feedback to patients about how better

they could improve their skills using this section. The set of
CSR contains notifications encouraging them to play more fre-
quently, or even offering new motivations to test other games.
Figures 10 and 11 represent the two possible receptors of noti-
fications. These notifications are received for patients (in their
respective language) in the PROCare4Life mobile application
for multimodal data or in the same web application where they
play for cognitive games data, appearing as a pop-up in the
bottom right corner. The list of notifications is summarized
in Table 2.

Notifications are sent on a weekly basis. That is, patients
will receive after each 7-day cycle, two notifications
depending on their metrics and scores. These notifications
are sampled from the whole list of CSR. By deciding the
notifications to be sent by using game metrics, three
levels of importance were defined, ordered by priority:

1. Emphasize aspects such as remembering to continue
playing or starting other games.

2. Modify aspects of the games such as difficulty. At all
times, the patient should select the category and diffi-
culty level before starting a new game. This type of rec-
ommendation is useful to encourage the patient to try
other configurations based on previous game sessions.

3. Motivational messages depending on the scores.

By contrast, notifications based on multimodal data fusion
were selected based on the scale of the CSS score returned.

Figure 10. Recommendation system (RS) notifications on mobile
application.
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Events and notifications are handled by the RabbitMQ48

configuration microservice. It is designed to be easily
accessed by the RS, by exposing the REST HTTP
RabbitMQ endpoints and can be called synchronously, to
generate a notification or an event. The RabbitMQ config
integrates the RabbitMQ broker server, which creates a
queue and pushes notifications/events to the queue, using
the notification unique identifier to access the appropriate
UI client.

Study overview

Pilots and modules evolution. Evolution over time of the
PROCare4Life modules has been guided by a phased
approach, marked by three pilot waves aimed at codesign-
ing and continually refining the system based on user feed-
back and preferences. These iterative waves placed a strong
emphasis on user-centricity, with participants being under
constant monitoring to ensure their positive perception of
safety, comfort, and the system’s usefulness in enhancing
their quality of life. Pilot 1 primarily assessed technical
feasibility and usability, while Pilot 2 focused on character-
izing and validating system metrics. Finally, Pilot 3 encom-
passed usability testing and evaluated the clinical impact of
the PROCare4Life system in its final form.

Eligibility criteria. The pilot study was performed according
to the inclusion and exclusion criteria, defined under the
PROCare4Life guidelines. Inclusion criteria was defined
as the following points:

• People diagnosed with AD or PD.
• 65 years of age or older.
• Willingness to enrol in the project.
• Able to provide informed consent.
• Living at home, rehabilitation centre, or day care centre.

Exclusion criteria filtered patients if they were ineligible for
inclusion in the study, if they exhibited difficulties in learn-
ing or had limitations that hindered their capacity to utilize
the PROCare4Life system or its essential technical compo-
nents. Such limitations encompassed challenges related to
speech, vision, language, hearing, or psychiatric
impairments.

Figure 11. Recommendation system (RS) notifications on web application.

Table 2. Recommender system notifications based on measured
cognitive statistics.

Metrics Priority Actions

Cognitive
Games

High Use the cognitive game app
more frequently./Start a
different game.

Cognitive
Games

Medium Change game categories for
games 3,4./Increase the level
for game 3.

Cognitive
Games

Low You are doing great! Keep it up./
Keep trying to improve your
results.

Multimodal
Fusion

General Did you find the game difficult
for you? You can adjust the
difficulty level.

Multimodal
Fusion

Weekly
deviation

There is a 0.305 probability that
decline in cognitive abilities
will be observed.
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Population sample. A total of 93 patients (Female = 50, Male
= 43, Mean Age = 77.7 and Std. Age = 9.5) were considered
for the evaluation of the RS and cognitive games application.
A subset of 78 patients (Female= 42,Male= 36,MeanAge=
77.9 and Std. Age = 9.3) were analysed for the multimodal
fusion engine module, filtered by who completed the baseline
and end-of-the-study questionnaires.

Statistical analysis. Several tests and statistical analysis have
been carried out to validate the correct functioning of the
different services and modules, as well as their complete
integration into the project platform. Data are presented in
the Results Section. We highlight analysis related to game
notifications generated by the recommender and notifica-
tions marked as read by patients, the level of use of the cog-
nitive games application, and information on the games
completed by all patients during the months of the study.
We also include data related to the customization of the
application, the interaction of patients during the gaming
sessions and the average scores obtained for each of the
games. Finally, we present the results of the Multimodal
Fusion Engine, giving an overview of the cognitive status
and deviations of the patients, and the evolution during
the months of the study.

Results representation. A set of visualization techniques are
employed to present the outcomes of the study. RS notifica-
tions are presented through the utilization of histogram
plots, providing a description of the evolution of notifica-
tions over time. For the cognitive games application, a com-
bination of graphical representation is developed, including
barplots, pie charts and box plots. These plots serve as a
comprehensive view of the application’s performance and
user engagement. Lastly, in the analysis of multimodal
deviations, general plots are employed to track the evolu-
tion over the different weeks periods for an assesment of
the cognitive status and potential deviations.

Results
The results section of this document presents the analysis of 3
months of data from the third and last pilot of the
PROCare4Life project, for a controlled set of patients. This
conducted pilot study was placed at six pilot sites across
five countries (Germany, Spain, Portugal, Romania, and
Italy). This pilot study was chosen to ensure that the latest ver-
sions, with all available functionalities of the cognitive games
application, the multimodal fusion engine, and RS are
deployed on the project platform at the end of the project.

The aim of this pilot study is to analyzse the use of the
application, the functioning of the RS and the results, in
terms of games, obtained by the set of patients who partici-
pated. And to be able to know and evaluate the effective-
ness of the six cognitive games and the implemented RS

in the improvement of cognitive ability and therefore,
having a better quality of life.

Recommender system

Out of the 402 patients on the platform, a subset of 93
patients (23%) were willing to engage with the system
and play cognitive games. Over the course of the trial
period, these patients received a total of 260 notifications
from the system, which were designed to encourage and
motivate them to continue playing.

One of the most interesting findings of our study was the
number of notifications that were marked as read by
patients. In total, 98 of them (37.7%) were marked as read.

Figure 12 presents a histogram of the dates on which
notifications were both sent and read as part of our pilot
study on the cognitive game RS. The x-axis represents the
dates of the trial period, and the y-axis shows the number
of notifications sent and read on each date.

The figure clearly illustrates two distinct waves in the
number of notifications sent during the trial period, indicat-
ing the two-waves integration of patients into the platform.
The initial wave exhibits a higher level of patient engage-
ment, as evidenced by a greater number of notifications.
As the trial period progressed, the number of notifications
read declined. Several factors, such as patient fatigue and
decreased motivation, likely contributed to this downward
trend.

Cognitive games application

The results of the pilot study demonstrate a daily use of the
cognitive games application. During this pilot, every day
the application was used, with a daily average of 22.4
games completed among all patients. The day with the
highest use of the application was the first day with 66
games completed. And the day with the lowest application

Figure 12. Histogram of sent and read notifications.
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usage was the 57th day with seven games completed.
Figure 13(a) shows this distribution of the number of
games completed among all patients during the study pilot.

In addition, patients played all six available games, with
game 1 being the most played game (by far) and game 5
being the least played game. The rest of the games were
played equally. For those games that have available differ-
ent categories and different levels of difficulty, patients
have tested the games with different categories and levels,
although there is a clear predominance of difficulty level
1 and the default selected categories in each of the games:
Colours for game 1, numbers for game 5 and traffic for
game 6. Figure 13(b) and 13(c) shows this information.
Combining the data from these two graphs, the most
played game is game 1 with category colours and level 1.

An important aspect that influences the use of the appli-
cation is the design of the application and the set of custom-
izable options available to patients. There are three options
that can be modified: Language, text size and colour style.
Although the language is conditioned by the country and
the selection of the patients participating in this pilot
study (Figure 14(a) shows the distribution per language),
there is a clear preference for the default style and
medium text size. The default style makes use of the

corporate colours chosen in PROCare4Life project.
Between the other two possible styles, dark style and
light style, there is a higher acceptance for the light style
(11.5% vs 1.0%), as can be seen in Figure 14(b).

In terms of text size, although there are larger and
smaller text size options available, it seems that the
medium size is perfect for the use of the application.
0.1% of the patients have chosen a smaller text size, and
only 5.5% of the patients have selected a larger text size,
as can be observed in Figure 14(c).

By analyzing user interaction with the application, it is
possible to assess whether patients have problems with its
use, are unaware of how to play certain games or have mis-
understandings or cognitive problems. In general, patients
understand the six games and there does not seem to be
an incorrect interaction when playing the different games.
For this, the type of click helps to assess this behaviour:
If the click belongs to the game progress (game click), if
the click does not belong to the game progress (disabled
click) or is an erroneous click in an area of the application
where there is no button or element (undefined click). Most
of the clicks are of the game type, which demonstrates the
correct use of the application and understanding by the
patients. However, as can be seen in Figure 15, game 6

Figure 13. Cognitive game data exploration. (a) Daily game count histogram; (b) Sessions frequency per game; (c) Game count by
category.

Figure 14. Application configuration. (a) Language; (b) style mode; (c) text size.
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has a large set of disabled clicks. This behaviour may be
due to the characteristics of this game and the presence of
elements and images that appear and disappear continu-
ously. A similar analysis can be made with game 3 and
the high number of undefined clicks. Patients tried to
click again on letters they had previously selected in their
final goal of guessing the hidden word.

Other interesting data that can be extracted from this study,
related to the user’s interaction with the application, are the
average time between consecutive clicks for each of the
games, and the number of clicks (on average) needed to com-
plete each of the games. Game 5, the bingo game, is the game
with the longest elapsed time between two consecutive clicks.
It makes sense because, in the end, it will depend on the instant
the object appears on the screen. The same goes for game 2,
the blurred objects game. The time between clicks will
depend on when the patient correctly appreciates the object
on the application. Figure 16(a) shows the average time
between consecutive clicks for each of the games.

On the other hand, game 1 and game 3 need a higher
number of clicks than the rest of the games. Especially
game 3, which is the hangman game, in which the user

has to select the letters present in five different words.
Other games, like game 2 and game 4, which have a
fixed set of questions, only need an exact number of
clicks to complete the games. This is consistent with the
data obtained in Figure 16(b).

Finally, in terms of scores obtained for each of the
games, among all patients, during the 3 months of this
pilot study, the analysis of the data shows high scores in
all of them. To perform the analysis, it is used the global
metric obtained each time a game is completed. This
metric determines how well a patient has completed a
game considering three possible aspects: Game scores,
time taken to complete the game, and interaction with the
application. The global metric is normalized between 0
and 1, and in general terms, the results (on average) in
each game are above 0.8 of the global metric value. As
the graph in Figure 16(c) shows, the game with the
lowest global metric would be game 3. This graph also
shows anomalous data in game 2 and game
6. Specifically, particular cases where the value of the
metric is below 0.6. It would be interesting to analyzse
these types of data, associate them with the patients, and
see why these low values occurred.

Combining the information from the global metrics
between the six games, and representing this information
per day, during the study pilot, it can be seen the average
evolution of the metric (among all the games and all the
patients) over time. This information is represented in
Figure 17. The linear fit of all the data shows almost
equal evolution in mean with the results in the passing of
the days.

Multimodal deviation analysis

Data pertaining to cognitive abilities, physical activities,
motor functions, sleeping patterns, and medication intake
were gathered from the patients. Additionally, patients
completed questionnaires at the beginning (baseline) and
end of the study to report their current cognitive ability
levels. The patients in this analysis have all the dataFigure 15. Application usability based on number of clicks.

Figure 16. Scores and number of clicks graphics. (a) Average time between clicks; (b) Number of clicks; (c) Global score per game.
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completed and saved in the system for the 90-day period
(3 months). The evaluation of high-level representations
(CSS) and deviations (DCA) was performed with 78
patients who completed the baseline and end-of-the-study
questionnaires and the system collected information for
all of the previously mentioned measurements. The details
of the demographic of these patients are presented in
Table 3. The assessment of AD and dementia patients
involved the use of the Clinical Dementia Rating Scale,49

while PD patients were evaluated using the Movement
Disorders Society Unified Parkinson’s Disease Rating
Scale.50 The patients participated in the study over 3
months, the multimodal fusion engine should be able to
provide an indication of the patients in terms of cognitive
abilities and deviations by fusing all monitored measure-
ments and the evaluation should be able to reflect the clin-
ical assessments, which is determined by the experts as 3
months, hence, 12 weeks of scores and deviation probabil-
ities were obtained from each patient and the analysis has
been performed with weekly data.

The first evaluation is performed with the scores (CSS)
obtained using the data from monitoring the game sessions
of the patients and the questionnaires filled by them at the
beginning and end of the study. Figure 18 presents the

weekly means of CSS, the overall mean of CSS, the ten-
dency of the 3-month period calculated through a linear
fit and the regions obtained using the weekly mean values
and weekly standard errors. The overall mean values are
0.1887, 0.1938 and 0.1851 for All patients, AD patients
and PD patients, respectively. The linear fit for all patients
reveals that the patients on average are expected to slightly
improve over the 3 months period. This is reflected in the
slight improvement in the positive difference between
the mean end-of-study questionnaire results (0.3236) and
the baseline results (0.3315). Furthermore, AD patients
are showing an improvement over the study period which
can be observed in the questionnaires as well (baseline=
0.4356, end-of-study=0.4437). On the other hand, a slight
decline is expected according to the CSS measurement for
the PD patients the questionnaires present a slight improve-
ment, which might be attributed to the lower CSS scores
observed from the PD patients with values less than 0.16.

The second evaluation is performed with the deviation
results (DCA) obtained using the data from monitoring cogni-
tive abilities, physical activities, motor functions, sleeping pat-
terns, and medication intake. Figure 19 presents the weekly
means of DCA probabilities, the overall mean of DCA, the
tendency of the 3-month period calculated through a linear
fit and the regions obtained using the weekly mean values
and weekly standard errors. The overall mean values are
0.7999 (79.99%), 0.7938 (79.38%) and 0.8044 (80.44%) for
All patients, AD patients and PD patients, respectively.
Although these values are higher than expected for the patients
participating in the study since they present a slight improve-
ment, the lowmean values obtained from the CSS score reveal
the reason for obtaining such high probabilities. Consequently,
these probabilities are utilized to alert the health and care pro-
fessionals to the possible decline of the patients or potential for
disorders. Furthermore, when the figures for AD and PD
patients are compared the slope of the increase for the DCA
of PD patients is higher than the AD patients which reflects
the decline observed for their scores in Figure 18.

Finally, we fitted a linear regression model to test if age,
gender and diagnosis have an effect on the change from the
baseline to the end of the study measurements for CSS,
DCA and questionnaires. We used lm() function of the
lme4 package for R using the formula lm(formula = end -
bsl age + gender + diagnosis, data). The results showed
that they don’t have any significant main effect on any of
the measurements.

Another linear regression model has been fitted without
the age, gender and diagnosis since they do not have any
effects using the formula lm(formula = end - bsl 1, data).
The analysis reveals that the change from the baseline to
the end of the study for CSS and the questionnaires do
not present statistically significant outcomes.

On the other hand, DCA results present a statistically slight
increase (p= 0.000585). This shows that although the patients
do not change significantly over 3 months according to the

Figure 17. Average global score over the analysis period.

Table 3. Demographic details of the patients in multimodal
evaluation.

Male Female Age (Mean) Age (SD)

AD 12 26 81.18 8.17

PD 24 16 72.95 8.67

Total 36 42 76.96 9.34

AD: Alzheimers disease; PD: Parkinsons disease.
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CSS and questionnaire results, the probability of observing
deviations or disorders with the patients increases to account
for the repeatedly observed low scores. DCA is revealed to
be beneficial in terms of alerting the health and care profes-
sionals of situations where the patient is not showing improve-
ments and might develop disorders or deteriorate.

Discussion
In terms of use of the application, it has been used every
day, the six games available have been played, and in
those games that have different categories and levels of dif-
ficulty, patients have tried those other options. However,
the analysis of the data indicates a higher number of
games played with the configuration that appears in the
application by default. That is, always the same category
and level of difficulty 1.

The default design chosen for the use of the application
seems to be the right one. Since most use is made with the
blue corporate colour style of the project and medium text
size. As a second option, the light style predominates
over the dark one and only in a small amount of the cases
has it been decided to change the text to a larger size.

Regarding the understanding of how to complete each of
the games, the user interaction data shows that in most
cases, patients use correctly the application, not observing
out-of-the-ordinary values. But for particular cases, such
as low scores or incorrect interaction, it could be interesting
to analyzse the reasons for these situations, with the inten-
tion of identifying the reason for this strange behaviour.

And that correct use of the application and understand-
ing of how to complete the games translates into high
scores, among all patients on each of the six games. The
metric used, which takes into account aspects of scoring,
times and interaction, normalized between 0 and 1, is
higher than 0.8 (on average) in all games. The results indi-
cate the possibility of increasing the level of difficulty of the
games, always looking for the motivation and the challenge
that this extra difficulty may imply for the patient.

As the notifications were received directly on the home
screen of the web application, we expected that most of
these notifications would be marked as read. It is possible
that the low number of notifications marked as read in our
study may be due to the fact that caregivers were not always
present with patients and they may have forgotten to follow
the instructions to both play cognitive games. This could
have resulted in this number of unread notifications

Figure 18. Cascading style sheet (CSS) from real patient data over 3 months. (a) All; (b) Alzheimer’s; (c) Parkinson’s.

Figure 19. Decline in cognitive abilities (DCA) from patient data. (a) All; (b) Alzheimer’s; (c) Parkinson’s.
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accumulating on patients’ devices, leading to a lower overall
percentage of notifications being marked as read.

The evaluation of the multimodal deviation analysis
revealed overall, the patients showed lower scores than
expected. However, when compared with the question-
naires, consistent results were observed. The linear fit indi-
cated a slight improvement in scores over the 3-month
period, with AD patients showing greater improvement
compared to PD patients. Furthermore, the high DCA prob-
abilities and low CSS scores indicated that although there
were slight improvements, patients’ cognitive abilities
were still not at desired levels and this requires the attention
of the health and care professionals. Comparing AD and PD
patients, the DCA for PD patients was steeper than that
observed in AD patients, which corresponded to the
decline observed in their scores.

On the other hand, correlation analysis performed between
questionnaires and probabilities and between questionnaires
and scores for the difference between baseline and end of
the study measurements does not reveal statistically significant
results. Nevertheless, the increase in the probabilities in the
presence of low scores indicates that health and care profes-
sionals need to be alerted to the current state of the patient,
which might deteriorate if not interfered with.

During the assessment of the cognitive games application
data, challenges and outcomes observed, are closely parallel
those encountered with the integrated PROCare4Life solu-
tion.51 Several limitations have emerged, encompassing tech-
nical, implementation, and user-related aspects. A common
thread among these limitations is the inherent difficulty in
maintaining sustained user engagement. Users may sometimes
perceive the solution as overwhelming due to the multitude of
devices and feedback they receive. They may encounter issues
that cannot be immediately resolved, leading to a potential
drop in engagement. Additionally, users may not immediately
grasp the benefits of certain recommendations offered by the
games application. Consequently, these factors result in
patients using the system, specifically the games application,
less frequently than optimal, resulting in a reduction in the
overall volume of collected information.

A great effort was undertaken by the PROCare4Life con-
sortium to minimize the impact of these limitations and
provide relevant outcomes and results from the solution.
This applies to the games application as well as to the rest
of the components and functionalities of the platform.

Conclusions
This document has presented some of the work done during
the last years in the European project PROCare4Life, which
focused on the use of tools for brain stimulation and cogni-
tive training in elderly patients with AD or PD. Specifically,
there are 3 fundamental elements that make up the complete
system: a cognitive games application that collects data, the
multimodal fusion engine that makes use of predictive

machine learning models to assess the cognitive status of
patients and the evolution over time, and the RS that gener-
ates notifications to help patient’s experience with the use of
the application based on previous results. The data analysis
of the study pilot demonstrates the usefulness and correct
functioning of the above-mentioned elements. And in par-
ticular, the acceptance of the application and the six
games implemented in the project for the 93 patients
involved in the study, yielding interesting conclusions.

Application is used daily and patients engage with all the
games across various categories and difficulty levels, but
the analysis of the pilot study results reveals a clear inclin-
ation towards the default options provided by the applica-
tion. The findings suggest that from a personalization
perspective, the interaction and scores obtained from the
diverse games indicate that patients do not encounter diffi-
culties in utilizing the application. Therefore, the default
text size and style configuration adequately meet their
requirements. However, the uniformity in game selection,
content categories, and difficulty levels among patients
poses challenges in interpreting the results.

In order to solve this problem and as a future line, a mech-
anism to randomize the order in which the six games appear on
the application’s home screen, coupled with an intelligent
selection of game category and difficulty level for each
patient, would significantly enhance the overall system. This
proposed randomization mechanism could be integrated as a
backend service in the application that could leverage patient’s
identifier and previous gaming session results, which this
mechanism would dynamically adapt the game configuration,
encouraging exploration of different options over time.
Proposing to the patients to playwith higher levels of difficulty,
a greater diversity in the values of the metrics and in the final
scores would be obtained, which together with a wide variety
of variables to enrich the predictive models of the multimodal
system and the RS, would allow obtainingmore robust insights
into patients’ cognitive progression.

The number of notifications marked as read in our study
highlights the need for further research on the cognitive
game RS and how it can be optimized to better engage
and motivate patients. By understanding the factors that
contribute to low notification read rates, it may be possible
to design more effective notifications and improve the
overall effectiveness of the system in improving the
quality of life of patients.

The CSS and DCA measurements present an overview
of a patient’s current state and potential deviations. The
usage of these measurements in the daily lives of health
and care professionals for decision support is crucial since
they can monitor and evaluate patients remotely and fre-
quently on a weekly basis. The evaluation of the multi-
modal deviation analysis in longer periods than the
3-month study presented in this paper would be beneficial
for observing the behaviour of the engine in the long
term. Furthermore, replicating the study with other types
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of diseases and other age groups would contribute to the
evaluation of the proposed multimodal approach and the
accompanying decision support system.
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