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Abstract. Currently, healthcare is a crucial issue for the entire population,
especially for individuals who suffer from a chronic disease such as hyperten-
sion or diabetes. However, this care is carried out in medical centers, limiting the
scope of health professionals. In fact, some monitoring, early warning processes,
and health supporting that are not presently performed, could be carried out at
the patient’s location. The aim of this paper is to integrate WSN, ambient
intelligence, multi-agent systems, and ontologies, in order to develop an ambient
intelligence model that provides alerts, personalized recommendations, and
adaptive health-care agendas. Personalized agendas based on chronic patient
profiles offer appropriate physical activity, personalized food diet, and specific
activities in order to control stress levels. For the validation of the proposed
model, a prototype was constructed and applied to a case study considering
several chronic patients. The results demonstrate the effectiveness of the pro-
posed health-care ambient intelligence multi-agent model.
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1 Introduction

In recent years, there has been a lot of research and development using information
technology (IT) in the field of medicine and health. Applying such technologies leads
to the improvement of quality, safety and efficiency in medical care [1]. Technologies
such as Mobile Health (m-Health) allow the interaction between health professionals
and their patients, where mobile devices are used ubiquitously. This allows for
noticeably improved medical care and diagnostic decision-making in health centers and
at home [2, 3].

In addition, there are wireless sensor networks (WSN) in order to monitor all types
of variables. In particular, in human health monitoring there are functional devices that
alert when levels are out of the acceptable limits [4, 5]. However, if we strive for an
autonomous and immediate reaction system to safeguard the life and well-being of
patients, monitoring and alerting alone is not enough.
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Therefore, it is necessary to develop a system that complements the existing sys-
tems by implementing technologies such as ambient intelligence, multi-agent systems,
ontologies, and recommendation systems. It is required to develop a context-aware
adaptive ambient intelligence system that by itself can adapt its behavior to the context
that is monitoring. In addition, it is required that the patient can visualize the sampled
data through a human-computer interface, and that the system is able to suggest,
recommend, and provide feedback to the user about the actions to adopt in order to
obtain the desired result.

The aim of this paper is to propose an ambient intelligence model that integrates
technologies such as WSN, multi-agent systems, ambient intelligence, ontologies, in
order to provide adaptive health-care functions to chronic patients. We develop a
prototype that consists of several modules that allow the deployment of adaptive
functions on a human-computer interface. The system allows monitoring, alerting and
offering recommendations, and healthy agendas to patients who do not have health
professionals during their daily life. In addition, the system makes it possible for a
health professional to visualize all the patient information.

The rest of the paper is organized as follows: Sect. 2 presents the conceptual
framework of this research. Section 3 reviews some related works concerning Aml
systems for healthcare. Section 4 describes the proposed model. Section 5 offers the
model implementation and validation of the proposed model. Finally, the main con-
clusions and future research directions are presented in Sect. 6.

2 Conceptual Framework

This section provides main definitions used in this research work such as ambient
intelligence, wireless sensor networks, ontologies, multi-agent systems, healthcare,
among others.

2.1 Ambient Intelligence

Ambient Intelligence (Aml)) [6] is a concept raised by the ISTAG (Information Society
Technologies Advisory Group) through a report [7] that was presented to the General
Directory of INFSO (Information Society) of the European Commission. In this report,
Aml consists of the creation of habitable spaces where the users interact in a natural
and intuitive way through computational services in order to assist the accomplishment
of their daily tasks. Among the main features of an Aml system are the following:

e The Aml environment must be context-aware, that is, it must be able to adapt its
behavior based on the previously monitored variables.

e Information, communication, and services are offered to users in a ubiquitous,
wireless, and transparent manner.

e Human-machine interaction is accomplished naturally and not intrusively.

According to Marzano [8], the five main characteristics of the Aml are the
following:
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Embedded: many networked devices integrate and operate into the environment.
Context-aware: these devices can recognize people and their contextual situation at
any specific time.

e Personalized: Aml devices can adapt their behavior to the people’s needs.

e Adaptive: Aml devices can autonomously change in response to people and their
environment.

e Anticipatory: Aml devices can anticipate user needs and desires without a conscious
mediation.

Consequently, an environment will be intelligent when it is unnoticeable, unob-
trusive, and the different technologies that surround it complement each other to pro-
vide useful services to people. Thus, AmlI environments could be implemented within
different scenarios where the user lives, for example, domestic, mobile, public, and
private environments [9].

2.2 Wireless Sensor Networks

Wireless sensor networks (WSN) are networks made up of several autonomous de-
vices that have sensors, through which a monitoring and data acquisition system of the
environment can be created. The WSN is a subfield of embedded systems that attempts
to improve well-being and quality of life through home automation and health AmlI
environments. In addition, many companies and public organizations currently build
WSN-based large-scale applications such as monitoring systems to provide early alerts
to natural disasters, monitoring in the agricultural sector, industrial control, and
transport. In a WSN, each device is autonomous and has the capacity of processing,
storage, and sampling through its sensors [9].

2.3 Ontologies

Ontologies can be defined as a formal representation of a particular domain using a
well-defined methodology that allows for the representation of the domain entities and
the relationships existing among them [10]. Based on this, it is important to generate a
formal representation of the adaptive learning course structure, in order to make
inferences and generate recommendations for improving the learning process. Simi-
larly, designing formal representations of a specific domain allows for readable and
reusable information for computers and intelligent systems [11].

2.4 Multi-agent Systems

Multi-agent systems (SMA) issued from distributed artificial intelligence, are complex
systems that are made up of autonomous agents. Each has the knowledge of a specific
domain and the ability to interact with other agents to achieve a common goal [12]. In
addition, agents are entities that have enough autonomy and intelligence to accomplish
specific tasks with little or no supervision [13].
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2.5 Healthcare

Chronic cardiovascular diseases (CVD) are a group of heart disorders and are the main
cause of death in the world. Arterial hypertension (the most important preventable
cause of CVD) is a disorder in which the force exerted by the blood on the walls of the
arteries is higher than normal. The higher the tension, the more effort the heart has to
exert to pump blood, increasing the risk of damage to the heart and blood vessels of
major organs [14].

Diabetes is a chronic disease that occurs when an organism does not efficiently use
the insulin it produces, or does not produce enough insulin. Insulin is the hormone
responsible for regulating blood sugar. Hyperglycemia (blood sugar level higher than
normal) degrades many organs and systems overtime, especially blood vessels and
nerves [15].

Finally, for both diseases, monitoring, alerts, recommendations, and a healthy
agenda, allows patients (if they are rigorous) to maintain stable blood pressure and/or
suitable blood sugar levels, thus minimizing the chances of premature death and
increasing healthy life habits.

3 Related Works

This section examines some related research that focuses on fields including ambient
intelligence, ontologies, multi-agent systems and WSN. We will consider the advan-
tages and disadvantages of various models and prototypes.

Corchado et al. [16] propose an autonomous intelligent agent developed for the
control of healthcare of patients with Alzheimer in geriatric residences. The agent
operates in wireless devices and integrates with complementary agents within an
ambient intelligence multi-agent system, called ALZ-MAS (ALZheimer Multi-Agent-
System) that interacts with the environment. An agent called AGALZ (Autonomous
aGent for monitoring ALZheimer patients) was developed, with the objective of pro-
viding efficient work schedules, in real time, to the geriatric staff of the residences and
therefore improving the quality of healthcare and supervision of patients in nursing
homes. Each of the AGALZ agents is assigned to a nurse or doctor of a residence and
additionally provides information on patient locations, historical data, and alarms.
While staff members are carrying out their functions (following the plan envisaged by
the agent), the plan may need to be modified due to delays or alarms. In this case, the
agent is able to re-plan the initial proposed plan in real time.

Agreda et al. [17] analyze a possible solution to the problem of autonomy and
independence of the elderly, which is mainly caused by the physical and physiological
changes and the total or partial abandonment experienced by these people. In addition,
authors attempt to solve this problem by analyzing and designing a model to provide
the control of an intelligent environment that supplies aid and support to these people.
The Aml environment attempts to help them in their daily lives by automating
household processes, and by using all the information produced by the daily activity
recorded to provide feedback to an intelligent model. This model serves as an infor-
mation base to make decisions based on their behavior patterns and thus perform
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preventive actions to many of the typical problems of age with the appropriate alerts
and additional procedures.

Restrepo et al. [18] propose an intelligent laboratory (SmartLab) located in a
university environment. The authors use a meta-model to abstract the environment and
its users, using WSN to acquire the contextual characteristics of the environment. It
also uses intelligent agents to provide the required adaptation to offer personalized
services according to the user’s environment. The architecture of the SmartLab com-
prises a physical layer, an agent layer, an application domain, and a service layer. The
physical layer is composed of WSN which senses environmental physical variables
(temperature and luminosity) and monitors the users. The agent layer implements the
context, user, and adaptation models by using several intelligent agents. The applica-
tion domain layer formalizes and transfers the knowledge acquired by the system in a
language that is understandable to intelligent agents. Finally, the service layer uses
software to implement the Aml services provided to the users.

Roda et al. [19] develop a multi-agent architecture for environmental intelligence
systems in health, which contributes to the treatment of people with brain injuries
(ABI). It uses specific devices to control the movements of the patient taking into
consideration physiological responses, such as the variation of heart rate, during their
rehabilitation process. In addition, author describes the manner in which this system
designs and executes therapies for people with ABI. Its design offers a meta-model to
define the rehabilitation environment. Finally, the Aml uses fuzzy inference systems
that allow the system to adapt the therapies and make decisions about the order of
activities, tasks to be performed, and steps to follow in real time.

Su and Peng [20] deal with ontological and epistemological problems, developing a
rehabilitation information service based on an ontology called as OntoRis, and using
the agent technology to explore external ontologies for its integration with the OntoRis
foundation. The Aml environment offers a rehabilitation service based on OntoRis
ontology to help patients acquire prescribed practical knowledge about their rehabili-
tation. The rehabilitation service also accelerates recovery through suggestions and
advice provided by evidence-based medicine. In addition, OntoRis can also serve as an
interactive learning platform for people who are interested in rehabilitation medicine.

From the previously reviewed research works, we can conclude that some works
still present shortcomings such as the following: (1) they do not use ontologies for
knowledge representation; (2) they do not define user profiles to offer personalized
services; (3) some of them do not integrate WSN for contextual monitoring; (4) they do
not offer user adaptive recommendations including a healthy personalized agenda. The
aim of this paper is to face these shortcomings and to provide a comprehensive solution
concerning the use of adaptive systems and patient profiles for monitoring, alerting and
adaptively recommending patient’s health-care agenda.

4 Model Proposed

Figure 1 shows the architecture of the Aml model which is composed of six compo-
nents as follows:
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Fig. 1. Aml system architecture for healthcare

Ontology: in this component the knowledge representation used by system is
defined.

Sensors: this component contains the WSN that monitors blood pressure and blood
glucose in patients. This network integrates technologies that allow monitoring,
storage, and real-time transmission (minute-by-minute) of the monitored variables.
Database: this component stores all the information about the patient. This infor-
mation contains not only the medical history of the patient but also its alerts,
recommendations, and healthy agendas offered by the system.

Human-computer interface: this component represents the interface through which
the system interacts with the user. This interaction is bi-directional, that is, both user
and system are always ready to provide information to each other.

Users: this component represents the people who will use the system, in this case,
patients and health professionals.

Multi-agent system: this component is composed of five agents that will be
described below.

Figure 2 shows the ontological structure designed for the healthcare based system.

Within the development of the ontological structure, the following three stages have
been considered: the first examines the characterization of user profiles, the second is
related to a healthy agenda, and the third concerns alerts and recommendations. The
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patient profile is composed of personal information (full name, identification, etc.), as
well as features of the medical condition (medical history, diseases, etc.). The structure
of the healthy agenda in turn, comprises information about scheduling tasks that the
patient has to perform. The structure of the third component is divided into three fields:
monitoring, alerts, and recommendations. Those fields correspond to a specific patient
profile. The aim is to store all of the health information concerning a given patient.

Proposalagenda

e

. hasFuIIname

Recommendatons \

Inherit
Class/Property Ob]ectprope"y ¢ DataProperty) Relation nheritance

Fig. 2. Ontological structure

The multi-agent system consists of five software agents as follows:

e Patient management agent: this agent is responsible for handling and supervising all
the components of the system. Its functions include communication with all other
agents, storage in databases, ontology implementation, and human-computer
interface execution.

e Monitoring agent: this agent is responsible for managing the communication with
the sensors, receiving the monitoring information that sensors perform. In addition,
it sends the gathered information to the patient’s management agent.

e Alert agent: this agent is responsible for constantly monitoring the information
gathered by the monitoring agent. Continuous supervision is performed in order to
immediately alert the patient in case of some of the monitored values are outside of
the normal range.

e Recommendation agent: this agent is responsible for analyzing the alerts issued by
the alert agent. This allows it to recommend actions that should be taken as soon as
possible to stabilize the levels of the monitored variables.

e Healthy agenda agent: this agent is responsible for analyzing the responses given by
the patient through the questionnaire. The user profile and the analysis of the
patient’s responses allow to create an agenda of tasks that must be executed by him.
These tasks help the diabetes and hypertension patients to maintain healthy lives.
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5 Implementation and Validation

The prototype was implemented using various technologies depending on the particular
system component. Next, we describe how each component was addressed and the
technology used:

e Ontology: this component was developed using the Protégé tool V5.2.0. In addition,
inference rules were developed that allow the system to make decisions. Inference
rules were made with the support of WHO (World Health Organization) informa-
tion about diseases (https://www.who.int/es).

e WSN: this component employed a commercial electronic card along with custom
development software. The Arduino card was used in order to simulate the variables
monitored to the chronic patient. The Xbee module was used as an interface for
wireless communication between the Arduino and the Aml system. Figure 3 shows
the Aml system components.

) g -

A}
Transmitter

Fig. 3. Aml system components. From left to right: patient, Arduino-based wireless monitoring
system, Xbee receiver module, computer.

e Database: this component developed in MySQL stores the patient’s information as
well as the relevant information offered by the system to the patient.

e Human-computer interface: this component was developed using NetBeans, a
platform of modular components used to develop Java desktop applications.

e Users: this component was implemented, simulating five patient profiles consid-
ering several possible cases. It is considered for example how advanced the disease
is and if the patient has both diabetes and hypertension at the same time.

e SMA: this component was implemented, using JADE as a platform for agent
development. Figure 4 shows the communication performed between agents.

The Aml system autonomously performs alerts and recommendations in the
presence of abnormal values of blood pressure or blood glucose.

In addition, the AmlI system offers a healthy personalized weekly agenda adapted to
the patient’s health conditions. To do so, the system takes into account four inputs
namely: (1) the information from the sensors that generate alerts; (2) the information
provided by the patient through a questionnaire (see Fig. 5); (3) information from the
previous healthy agenda, and finally, (4) information from the patient’s medical history.
Figure 6 presents the results of an alert and a recommendation provided by the system
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Fig. 4. Communication performed between agents using the JADE platform.

to a patient with arterial hypertension. In this case, the pressure reaches the value of
183/145 mmHg and therefore the system reacts, sending alerts and recommendations
to the patient. An email is also sent to the health professional in charge of this patient.

Cuestionario Semanal
¢Cudénto pesa en kilogramos?
éConsume cigarrillo? ™ Nunca [~ Ocasionalmente [~ Siempre
¢Cudntas horas de ejercicio realiza por semana? ¥ menos de 1hora I~ 1-2horas |~ mds de 2 horas

¢Cudntas horas de actividad social positiva realiza por semana? | menosdet1hora [~ 1-2horas ¥ mas de 2 horas

éCudnto es su nivel de estrés? " Bajo [ Medio ™ Alto

¢Cudntos vasos de bebida azucarada bebe por semana? I~ menos de 1vaso ¥ 1-3vasos [~ mas de 3vasos

¢Consume alcohol? ™ Nunca ¥ Ocasionalmente [~ Siempre

¢Cudntas veces a la semana consume grasas saturadas? |~ menosde1vez ¥ 1-3veces [~ mds de 3veces

(Comidas rapidas, alimentos fritos, etc)

¢Cudntas veces a la semana consume alimentos con alto contenido de sal? I~ menos de 1vez [~ 1-3veces ¥ mas de 3veces
(Mecato salado, mango con sal, etc)

¢Cudn riguroso ha sido con la ingesta de medicamentos? I Nadariguroso ¥ Medianamente riguroso ™ Muy riguroso

¢Presenta problemas podoldgicos? I~ si

(Dolencias en pie o tobillo)

Fig. 5. Questionnaire used as input to generate a healthy agenda.
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Fig. 6. Alerts and recommendations issued for a hypertension patient.

Figure 7 exhibits an adaptive healthy agenda which is organized into three com-
ponents: physical, food, and psychological. It is about a patient with diabetes, who is
not rigorous this week in complying with the tasks given by the healthy agenda.

Healthy Agenda

Full name: Jhon Henad | Weekly alerts
Age: 45 |

Chronic disease: |Diabetes '

The patient had blood glucose in 197mg/ml |

Week from January 14 to 20, 2019

1. Physical component
-Perform two hours of weekly exercise, instead of less than one hour
that you performed the previous week.

2. Food component
-Consume two glasses of sugary drink during the week, instead of more
than three glasses that took the previous week.

3. Psychological component

-Increase social activity four hours this week, given that the previo-
us week took two to three hours.

-Decrease the level of stress by doing relaxation activities such as
meditation or yoga, since the previous week your stress level was very
high.

Fig. 7. Weekly scheduled tasks composing an adaptive healthy agenda.

In addition, the patient had an episode of very high level of blood glucose, during
the previous week. Therefore, the new healthy personalized agenda issued from the
Aml system brings new tasks and reminds him that he had a worrying event.

To validate the prototype model, several simulated chronic patient profiles are
considered and their medical history is charged to the system database. The system
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takes into account the information of diseases, alerts, recommendations, and healthy
agendas according to the patient’s user profile. Later, a health professional can consult
all the medical history of monitored data, and the information that the system has given
to the patient.

Another case study for the prototype is when the system detects inconsistencies
between the healthy agenda of the previous week and the answers obtained in the
questionnaire by the patient. The above means that the patient is not complying with
the proposed healthy agenda. In this case, the system generates a warning call that will
appear in the adapted healthy agenda that the system is currently generating.

We can see that the Aml system reacts adequately to different alert events and takes
into account whether or not the patient complied with the previous healthy agendas.
Otherwise the system generates a new adaptive healthy week’s agenda.

6 Conclusion and Future Work

From results obtained by the test of the prototype, we can conclude that the proposed
Aml model fulfills the goals by providing integration among WSN, ontology, and
multi-agent systems. In addition, the proposed model has the capacity to provide alerts,
recommendations, and adaptive personalized healthy agendas according to the medical
history, complying questionnaire, and previous healthy agenda of chronic patients.

Finally, as future work, it is proposed to complement the research using real
patients along with commercial sensors in order to monitor health. Using the infor-
mation of healthy agendas of other patients with similar profiles and applying a col-
laborative filtering technique could also be advantageous in order to improve the results
obtained by the Aml system.
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