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Abstract. We have developed an evidence-based mental health ontological
model that represents mental health in multiple dimensions. The ongoing addi-
tion of new mental health knowledge requires a continual update of the Mental
Health Ontology. In this paper, we describe how the ontology evolution can be
realized using a multi-agent system in combination with data mining algo-
rithms. We use the TICSA methodology to design this multi-agent system
which is composed of four different types of agents: Information agent, Data
Warehouse agent, Data Mining agents and Ontology agent. We use UML 2.1
sequence diagrams to model the collaborative nature of the agents and a UML
2.1 composite structure diagram to model the structure of individual agents. The
Mental Heath Ontology has the potential to underpin various mental health re-
search experiments of a collaborative nature which are greatly needed in times
of increasing mental distress and illness.

Keywords: ontology evolution, data mining, multi-agent system, multi-agent
system design, mental health, mental health ontology.

1 Introduction

The complex nature of mental health makes it a very interesting research topic. Most
mental illnesses are poorly understood as they are caused by the interplay of multiple
factors. The lack of understanding of mental illnesses, in combination with the rapid
changes pervading our societies, is becoming a serious threat to mental health.

The revolutionary development of technology has resulted in the rapid introduction
of cutting-edge technologies into our societies. We have become very dependent on
sophisticated technologies and the ways in which they have made our lives more
comfortable. However, there is evidence to suggest that this material comfort has
failed to bring us better health, greater inner peace and a greater sense of meaning,
purpose and satisfaction [1]. While the lives of individuals may have improved in
some ways, evidence in [1] suggests that the general health and well-being of
individuals within our societies have deteriorated. Since 1960: (1) the divorce rate has
doubled, (2) the teen suicide rate has tripled, (3) the recorded rate of violent crime has
quadrupled, (4) the prison population has quintupled, (5) the percentage of babies
born to unmarried parents has increased six fold, and (6) cohabitation (a predictor of
future divorce [2]) has increased sevenfold. Moreover, it appears that these problems
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are increasing over time, and are gaining momentum rather than being random events.
The World Health Organization predicts that depression will most probably be the
major cause of disability worldwide by 2020 [3].

Due to the complexity of the mental health domain, mental health research has
been extended to include research from other knowledge domains. Mental illness is
not simply a case of blood tests and prescription of medications. It is much more than
that. There is a need for physiologists, molecular biologists, biochemists, neurologists,
neuroscientists, psychologists, psychiatrists, drug therapists, herbalists, sociologists,
theologises, etc. as well as information and computer scientists, to collaborate in their
research. A large number of research teams are undertaking various studies to
examine the relationship between mental health and other aspects of personal well-
being such as physical health, finances, social relationships, emotional well-being and
spirituality [4]. We have designed the Mental Health Ontology to define and represent
these various aspects of mental health [4]. However, due to the rapid increase of
newly derived knowledge, this Mental Health Ontology needs to be continually
updated. We used the five-step TICSA methodology [6] to design a multi-agent
system that supports the dynamic update of the Mental Health Ontology. The different
agents of the systems cooperate and collaborate with each other to achieve this
common goal. The collaborative effort of the various types of agents determines the
performance of the multi-agent systems, namely, the efficiency of the Mental Health
Ontology update.

A number of techniques have been proposed for the ontology evolution and these
are discussed in Section 2. In Section 3, we provide more detail about Mental Heath
Ontology. In Section 4, we describe how we use the TICSA approach to design the
multi-agent system for the ontology evolution. In this section, we discuss the five
different steps of the TICSA methodology and explain the pattern matching approach
used to validate the ontology update. We give our final remarks in Section 5.

2 State of Play

A number of systems have been proposed and used for ontology evolution.
Mao et al. [7] introduced a large-scale Web Ontology for Traditional Chinese
Medicine (TCM). The authors highlight the need for ontologies to self-evolve and
specialize in their domain knowledge. Specifically, they refer to the context-specific
elements of the large-scale ontologies, namely, sub-ontologies. The local repository
called an ‘ontology cache’ uses the sub-ontologies as they evolve. The sub-ontology
evolution approach is based on a genetic algorithm for reusing large-scale ontologies.
Triple-based encoding, fitness function, and genetic operators were used to support
the evolution.

In the system proposed by Afsharchi and Far [8], agents consult each other to
identify new concepts and design an ontology to include these new concepts.
Individual agents create and learn their own conceptualization. The learning of new
concepts is supervised by other agents. The supervising agent uses positive and
negative examples to teach this concept to an interested agent. The learning agent
feeds this information into a concept learner. Voting and elimination of examples is
used to resolve conflicts. This system has the potential to improve communication
between different agents that operate using different ontologies.
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Ottens et al. [9] have developed Dynamo, a self-organizing multi-agent system,
which (1) uses automatic text processing to create an ontology draft, and (2) interacts
with a domain expert to finalize the ontology construction. The system uses newly
added information to adapt the existing network of concepts. The system and the
ontology designers modify the network in a cooperative way.

Li and Yang [10] discuss an agent-based approach for managing ontology
evolution in a Web services environment. They examine the inter-processes between
different ontologies from the agent's perspective and apply an agent negotiation model
in reaching agreement. Additionally, the authors describe an extended negotiation
strategy which is expected to provide sufficient information in decision making in
each round of negotiation.

Numerous existing ontology-evolution systems make use of software agents. The
difference between the existing approaches and our approach is that we aim to use
data mining algorithms in the ontology evolution process.

3 Mental Health Ontology

In our previous work [5], we introduced Mental Health Ontology as being composed
of three sub-ontologies: Illness Type, Symptoms, Factor (Cause) and Treatment (see
Figure 1).
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Fig. 1. Top-level hierarchy of Mental Health Ontology

By collating information from the International Statistical Classification of
Diseases and Related Health Problems, 10™ Revision (ICD-10) published by the
World Health Organization (WHO) [11] and the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Revision (DSM-IV) by the American Psychiatry
Association [12], we have identified thirteen types of mental illnesses, including
among others: psychotic disorders, anxiety disorders, personality disorders, mood
disorders, substance-related disorders, etc. Each of the types is further classified into
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it subtypes. For example, ‘anxiety disorder’ is classified into eight different sub-types
such as obsessive-compulsive disorder, panic disorder, social phobia, etc.

The exact causes of mental illness are still unknown. We have classified the factors
that affect mental health under the following five categories: (1) genetic, (2) physical,
(3) environmental, (4) personal and (5) microorganisms. The genetic, physical,
environmental, personal and microbial factors are interconnected and mutually
dependent on one another. For this reason, we need to approach mental health as
being a function of multiple dimensions. This necessitates the analysis of each
dimension both individually and in relation to other dimensions.

Genetic factors include variations/mutations of human DNA that affect mental
health, such as the mutations in G72/G30 gene complex which is associated with
schizophrenia [13].

Physical factors define and describe physical conditions that may affect mental
health. For example, Vitamin B deficiency may result in depression, liver failure may
cause hallucinations, multiple sclerosis may result in mood disorders, and tubercular
meningitis may result in personality disorders. Additionally, it has been reported that
physically active people tend to have better mental health [14]. For this reason,
physical activity has been successfully used as a non-pharmacological treatment for
depression [15,16]. Physical activity may reduce the symptoms of anxiety, improve
social skills and cognitive functioning, and be a beneficial adjunct to programs that
target alcoholism and substance abuse [17].

Environmental factors include factors surrounding us over which we have less
control. These include our physical, financial and social environments. For example,
our physical environment is determined by climate, living conditions, noise, pollution,
etc. Social environment captures factors determined by our relationships with others.
Kawachi & Berkman [18] highlight the beneficial roles that social ties play in
individuals’ mental well-being. However, not all relationships are beneficial. It has
been reported that the financial environment affects our health. Studies of the Data
from the National Health Interview Survey, the National Survey of Families and
Households, the Survey of Income and Program Participation indicate that increases
in income significantly improve mental health [19]. However, the same study claims
that increases in income increase the prevalence of alcohol consumption which in its
turn may be damaging to both physical and mental health.

Personal factors relate to the factors surrounding us over which we have more
control. These include our beliefs, emotions and responses. Bergin [21] evaluates the
effect of spirituality on mental health. He makes it clear that religion can have both
positive and negative effects. The negative situations are marked by evil
masquerading as religious dogma, namely, misuse of religion for selfish interests. The
positive impact is marked by a highly individual experience, a true personal
conviction or commitment and is manifested in dramatic personal healing or
transformation. The effect of emotions on mental health has also been examined. Dr
Colbert [20] defines destructive emotions in terms of their origin, nature and
manifestations. He also explains the negative effect of these emotions on our health.
Our immediate responses to complex situations can have a long-term impact on our
mental health.

Recently it was reported [22] that microorganisms such as ‘viruses’ or ‘bacteria’
may exist that could affect mental health. More research is required to explain why
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mental illness appears to be transmittable; is this caused by a microorganism or is the
wellness/illness ‘contiguous’ ?

As the mental health domain is still a grey area and the exact causes of mental
disorders are unclear, the precise strategies for treatment cannot be developed at this
stage. A number of studies have established the correlation between chemical
imbalances in the brain and specific psychiatric conditions which subsequently led to
the development of pharmacotherapy for mental health [27, 28]. However, a large
number of psychoactive drugs produce serious side effects [23, 24, 25, 26]. In recent
years, significant advances have been made in the field of psychotherapy, an
interpersonal intervention which employs one or more of a range of specific
psychological techniques facilitated through a psychotherapist. These include
behavioral therapy [29, 30], cognitive therapy [31, 32], humanistic therapy [33], play
therapy [34], psychodynamic therapy [35, 36] as well as rehabilitation programs.
Group and family therapies are also often useful in assisting individuals to cope with
stress. Most studies suggest that an integrated treatment approach involving both
drugs and psychotherapy is more effective than either treatment method used alone
[37, 38].

The three ontology ‘dimensions’ contain very different information and are
orthogonal to each other. The Illness Type sub-ontology is more a classifying
ontology and is strongly hierarchically supported. The Factor (Cause) sub-ontology is
strongly based on scientific research and exposes the different kinds of factors that
may affect our mental health, both positively and negatively. The Treatment sub-
ontology is a combination of classification and research ontology. Designing new
drugs is research work but, for example, all the discovered drugs can be hierarchically
classified. All three dimensions are different from each other and each dimension is
unique. But jointly, they give an overall picture and a good overview of the current
knowledge about mental health.

4 System Design

In this section, we describe a multi-agent system that uses data mining algorithms in
the intelligent update of the Mental Health Ontology. We have adopted the TICSA
approach described in [6] to design the multi-agent system. The TICSA methodology
consists of the following five steps:

Identify Agent Types According to Their Responsibilities
Define Agent’s Intelligence

Define Agent’s Collaborations

Protect the System by Implementing Security Requirements
Assemble Individual Agents

Nk WD =

4.1 Identify Agent Types According to Their Responsibilities

In this step, we identify specific agent types and the corresponding function required
to enable the intuitive flow of processes involved in the ontology evolution. Each
agent works on a specific aspect of the overall problem with the various types of
agents having different but complementary functions.
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Fig. 2. Information, Data Warehouse, Data Mining and Ontology agents

In our system, we make use of four different types of agents as shown in Figure 2:

(1) Information agents, to extract raw data from various databases and upload them
to a dedicated data warehouse;

(2) Data Warehouse agent, to systematically manage the data within the data
warehouse;

(3) Data Mining agent, to mine the data from the warehouse, reveal interesting
patterns from the data and derive new knowledge;

(4) Ontology agent, to employ the derived knowledge to update the Mental Health
Ontology.

4.2 Define Agent’s Intelligence

The agents of the system need to be equipped with the knowledge that enables them to
perform their task intelligently. They need to be able to identify and extract target data,
to systematically store and manage data, to intelligently analyze the data, to communi-
cate with each other, etc. The knowledge base has been predominantly used to provide
agents with intelligence and enable them to perform their role efficiently and effec-
tively. Some researchers prefer to use oontology rather than a knowledge base as the
ontology is a more expressive knowledge model [39]. We use a combination of
knowledge bases and ontologies in our system.

4.3 Define Agent’s Collaborations

The effective collaboration between the different agent types contributes greatly to the
efficiency of the system’s performance. In the multi-agent structure shown in Figure 1,
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the processing cycle starts from the Information agents. Information agents are situated
over various databases and have access to mental health information such as experiential
data and results. This network of Information agents can be set up for one specific
research centre which undertakes several mental health projects. In this case, each
database contains data and results specific to a particular research project. Another option
is to set up the network of Information agents for an alliance of research centres sharing
the same vision but working on different aspects of a mental health problem. In this case,
each database contains data and results specific to a particular research centre. It is also
possible for one research centre to have more than one database.

Each Information agent extracts data of interest from its own database and sends it
to the Data Warehouse agent. The database architecture is consistent throughout the
system; i.e. the data found in different databases has the same format. This can be
achieved with the help of ontologies. The consistent data structure enables the Data
Warehouse agent to manage and integrate the data more easily. As the data originates
from various databases, it is very likely that some overlaps and redundancies in the
data will appear. The Data Warehouse agent analyses the incoming data and selects
valid data. The selected data are systematically added to the data warehouse.

The systematic addition of data enables the Data Mining agent to understand the
data and mine them for interesting patterns. We have developed a number of data
mining algorithms for both structured and semi-structured data. The Data Mining
agent uses the existing algorithms such as those discussed in [40, 41] to derive
interesting patterns from the mental health data. The derived information is forwarded
to the Ontology agent.

Ontology agent matches the newly derived information with the information
contained in the Mental Heath Ontology. If exact overlap is found, the structure of the
Mental Heath Ontology remains unchanged. If the comparison reflects some
differences, the newly derived information is incorporated into the ontology structure.
This last step is semi-automatic, requiring the assistance of a human agent to validate
the newly introduced change.

The multi-agent system can be represented using the UML 2.1 sequence diagram
where composite classes have more than one port and can be used to represent
different roles of the same agent. This will enable us to represent agents which play
more than one role concurrently. A sequence diagram is generally defined across the
page by a series of rectangles, each of which represents a class. A distinct agent can
be represented by a rectangle at the head of the sequence diagram. Each of these
rectangles has a dotted line running vertically down the page. These dotted lines are
known as ‘lifelines’. As one goes down the page, time passes as messages flow
between the agents. A single rectangle (agent) could have many ports (roles) without
changing the semantics of the UML 2.1 sequence diagram.

There are three points worth noting in our sequence diagram:

(1) The lifelines of agents are solid throughout since agents tend to be persistent

(2) Each rectangle represents a composite class which implements an agent type, and

(3) Each distinct role played by an agent is represented by a distinct port on the
rectangle with its own lifeline.
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Fig. 3. UML 2.1 Sequence Diagram that models inter-agent communication

From the sequence diagram shown in Figure 3, we can see that the user makes an
initial request to the Information agent to extract data about mental illness from data-
bases where it is stored (request new data). The Information agent responds to the
user (request receipt confirmation) indicating that it has received the request. Once the
Information agent has extracted this data, it sends the data to the Data Warehouse
agent (send mental illness data) with a request that this agent input it into the data
warehouse. As soon as the Data Warehouse agent gets the data from the Information
agent, it sends a message back to the Information agent confirming that it has received
the data (confirm data received). Once the Data Warehouse agent has put the new data
into the data warehouse, it usually sends a request to the Data Mining Agent to use
this data to extract new knowledge (request to extract knowledge). The Data Mining
agent responds to the Data Warehouse agent to indicate that it received a request to
extract knowledge from the data (knowledge extraction confirmation). Once the Data
Mining agent has finished extracting the knowledge from the data, it sends that
knowledge to the Ontology agent (send extracted knowledge). The Ontology agent
uses that knowledge to do a comparison between the new knowledge and the existing
ontology to see if there are any differences. The Ontology agent is then able to return
a suggestion to the user as to whether or not the ontology should be updated, and if so,
what the changes should be (change suggestion). The user then makes a decision as to
what changes should be made, if any (change decision). Finally, the Ontology agent
returns the final version of the ontology to the user (return updated ontology). As il-
lustrated, the sequence diagram is a very rich modeling tool for describing the entire
cycle from user request to user deliverable for this particular application with respect
to inter-agent dynamics.
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Fig. 4. UML 2.1 composite structure diagram that models the Ontology agent

4.4 Protect the System by Implementing Security Requirements

In our multi-agent system, all nine security requirements mentioned in [42] must be
addressed. We discuss here the security requirements for Information agents.
Analogously, we also address security requirements for other agents.

We must ensure that the data available via databases are available only to
Information agents (confidentiality). The access rights of the Information agents must
be defined (access control). Identity of the Information agents must be verified
(authentication). The ease of access and use of data by Information agents needs to be
ensured (availability). Information agents must guarantee that the data provided to the
Data Warehouse agents are identical to the data at the source database (integrity).
Information agents must verify their involvement in communication/interaction with
the database (non-repudiation). The Information agents must comply with the given
set of rules and regulations established by the system designers (compliance). The
Information agents must provide relevant and reliable information to the Data
Warehouse agent (service). The Information agents must be fully committed to
accomplishing their own goals and the overall goals of the system (commitment).

4.5 Assemble Individual Agents

The structure of individual agents can be represented by a UML 2.1 composite struc-
ture diagram with parts and ports. Each part represents a distinct area of processing
within the agent. Each port represents a different role played by the agent. Since a
regular composite structure diagram does not have these semantics, we have created
the <<Agent>> stereotype to reflect these additional meanings. Here we will discuss
the internal structure of the Ontology agent. An analogous approach applies for the
other agent types.

The following is a UML 2.1 composite structure diagram based on this stereotype
[40]. It represents the internal processing of the Ontology agent. It has four distinct
areas of processing. Firstly, there is a Controller part that manages all the other parts
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and directs inputs, outputs, and internal data flows. The part labeled Knowl-
edge/Ontology Comparison is responsible for taking the new knowledge extracted by
the Data Mining agent, and comparing it with the ontology to determine any differ-
ences between the two. This will provide a basis for suggested updates to the ontol-
ogy, if any. The next processing step for the Ontology agent is to determine whether
changes are required and if so, what they could be (Change Suggestion). Finally, once
the user makes a decision, the Ontology agent will need to actually make the required
changes to the existing ontology (Ontology Update). The Ontology agent plays two
distinct roles and these are reflected by the two ports (Collect, Send) at the border of
the composite structure diagram. Our use of UML 2.1 permits us to effectively model
some of the key internal characteristics of the Ontology agent.

5 Conclusion

We have developed an evidence-based ontological model that defines the mental
health domain. Due to the constant increase of knowledge regarding mental health,
this Mental Health Ontology requires continual update. We have utilized the TICSA
(Types, Intelligence, Collaboration, Security and Assembly) approach to design a
multi-agent system that will automate the ontology update using the synergy of data
mining and agent technologies. We have envisioned this project to involve various
mental health research centres which will provide data in order to address and
encompass different aspects of mental health. This architecture will support the
creation of a world-wide collaborative environment which is greatly needed in a time
of increasing mental distress and illness. We are in the early implementation stage of
the system, and our progress will be reported in subsequent papers.
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