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Abstract - In recent years, the dramatic increase in the use of 
information technology for healthcare has resulted in much 
innovative research on eHealth applications. But it has been 
widely acknowledged that unlocking the real value in 
clinical records is highly dependent upon health information 
standards that allow interoperability between various 
clinical systems, supporting the easy exchange of records 
among stakeholders in the patients circle of care. This paper 
proposes a software agent based virtual integration 
framework to integrate multiple electronic health record 
(EHR) systems from distributed (possibly heterogeneous) 
databases, featuring three properties. First, a loose coupling 
between EHR formats and software engineering of the 
application allows the agent based framework to be flexible 
for on-line reconfiguration and deployment. Second, the 
framework is designed with a knowledge base that supports 
both medical practitioners and consumers, by managing 
healthcare information at a higher knowledge-based level. 
Third, the framework integrates distributed databases as 
well as adaptive user interfaces to support personalized 
health information systems, which can be used by a range of 
users with differing requirements. We believe that this 
agent-based technical framework also demonstrates a new 
direction for handling other eHealth interoperability issues 
such as the development of personal health record systems, 
as well as providing a technical foundation for developing 
clinical decision support systems. 
 
Index Terms: eHealth, Interoperability, Electronic Health 
Records, Agents, Framework, Integration 

I. INTRODUCTION 

Healthcare at all levels, whether it is local, regional, 
national and/or international, is a vast open environment 
typically characterized by shared and distributed decision 
making and management of care. Such an open 
environment usually requires the communication of 
complex and diverse forms of information between a 
variety of clinical and other settings, as well as the 
coordination between groups of health care professionals 
with very different skills and roles. Healthcare software 
systems must operate effectively in this environment, in 
order to meet the information needs of patients and health 
care providers. Practitioners in health care environments 

require that the information is both timely and error-free, 
such that recommendations or decisions offered by the 
software systems are secure and trustworthy [1, 2]. The 
goal of this document is to explore effective approaches 
to developing a technical framework as the foundation to 
support personalized smart eHealth management and 
future clinical decision support systems (CDSS) for 
patients and medical practitioners, as well as healthcare 
domain experts without adhering to any one specific 
standard data definition. To achieve this goal, a multi-
agent system seems an appropriate means to utilize 
knowledge retrieval and analysis of distributed and 
possibly heterogeneous databases, and to present 
automated medical knowledge most suitable for the 
selected user profile.  

A. Motivation and Objectives 
One of the emerging trends in today’s eHealth is that 

health care practitioners and patients should be 
empowered with all the medical information available 
about patients from multiple sources. However, it is a 
challenging task to develop a software system to provide 
effective health information management and at the same 
time, maintain an adaptive user-friendly interface. A 
number of research proposals have been proposed [3,4,5] 
and it has been acknowledged that the overall solution 
needs to solve four major problems: 

• The difference between data and knowledge 
needs to be addressed. In today’s eHealth 
environment, there are a large number of separate 
systems and processes generating patient data that 
are stored in large databases. However, most of 
these data are in specific medical terminology 
intended for specialized medical practitioners. In 
order to customize this health information, these 
data need to be retrieved and translated into 
knowledge suitable for consumers, whether they 
are patients or medical practitioners. Compared to 
conventional data-based medical applications, 
knowledge-based systems are more suitable for 
patients and average citizens, creating a better 
environment for empowering patients and 
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promoting “autonomous citizens” [6]. 
• The intended system should be based on a 

flexible architecture such that new functions and 
services can be added without modifying the 
entire system, allowing it to adapt and evolve 
dynamically with new data and technology. 

• The type of information sent to a specific user 
should be the information the user needs. 
Therefore, personalizing information format and 
presentation is necessary for each user; using 
parameters that describe his/her own specific 
profile. 

• Multiple distributed database systems present a 
daunting task for the intended system user to 
query and analyze data efficiently. The solution 
should include a framework, which supports an 
interoperability mechanism to identify and pro-
vide necessary measures to incorporate the 
differences in database models. 

The framework we propose is based on a multi-agent 
platform.  This uses a knowledge-based approach for 
information retrieval, with agent-oriented software that 
enables dynamic on-line reconfiguration, and adheres to a 
self adaptation interface for personalized information 
presentation. We believe that a successful implementation 
of such a framework can lead to virtual system 
integration by recognizing the lack of systematic 
considerations in eHealth interoperability research, 
including: 1) existing standards for EHR interoperability 
are difficult to reuse. They are either incomplete in terms 
of functionality or lacking the specification of the precise 
meaning of the underlying data [7]; and 2) eHealth 
applications that utilize EHRs (Electronic Health 
Records) today are closely coupled with specific EHR 
standards [7,8], posing a difficult problem in 
communicating with other systems that use different 
EHR standards.  

The objective of this work is to propose a knowledge 
based framework to solve these problems by abstracting 
medical concepts and terminologies and by using a 
structured hierarchy to establish entities and their 
relationships. 

II. CURRENT STATE OF ART 

In this section, we look at the state-of-the-art in the 
relevant fields of study in our work - specifically eHealth 
system development and EHR Interoperability. 

A.  eHealth System Development 
During the 1990s, as the Internet exploded into public 

consciousness, a number of e-terms began to appear and 
proliferate. The terms were useful: e-mail brought new 
possibilities for people to communicate rapidly and share 
experiences; e-commerce proposed new ways to conduct 
business and financial transactions through the Internet. 
At the same time, the introduction of eHealth represented 
the promise of information and communication 
technologies to improve health care systems [9]. At the 
present time, the term “eHealth” is widely used by many 
individuals, academic institutions, professional bodies, 

and funding organizations. It has become an accepted 
neologism despite the lack of an agreed-upon clear or 
precise definition. The precise meaning of eHealth varies 
with the context in which the term was used. For our 
purposes, we will use a definition adapted from [10]: 

‘E-health is an emerging field of medical informatics, 
referring to the organization and delivery of health 
services and information using the Internet and related 
technologies. In a broader sense, the term characterizes 
not only a technical development, but also a new way of 
working, an attitude, and a commitment for networked, 
global thinking, to improve health care locally, 
regionally, and worldwide by using information and 
communication technology.’ 

Aside from the increasing use of information 
technology in healthcare today, many research projects 
have been conducted to study how to improve the 
efficiency of eHealth delivery and management. In [11], 
it is suggested that an emerging trend in eHealth today is 
that the healthcare business is driven by non-
professionals, namely patients (or in business terms, 
consumers) that with their interests drive new services 
even in the healthcare field, mostly to empower 
themselves through access to information and knowledge. 
In fact, further discussions in [11] indicate that this 
emerging trend of patient empowerment is one of the 
major characteristics that distinguish eHealth from 
telemedicine (‘rapid access to shared and remote medical 
expertise by means of telecommunications and 
information technologies, no matter where the patient or 
relevant information is located’). This has resulted in the 
development of personal health systems. A typical setting 
in the use case of a personal health system would include 
at least one consumer, a software system based on a 
mature technical framework, and the healthcare 
institutions which include actors such as hospitals or 
private physicians, health plan insurers, pharmacies, and 
other related business systems. Most interactions occur 
between either consumers or healthcare providers and the 
platform which provides necessary services and data. 
Successful development of such a platform must consider 
two aspects. First of all, the relevant data and knowledge 
must be readily available at the point of care. At first 
glance, this is not a difficult problem since most 
healthcare institutions now use computer systems for 
record keeping. However, most of the data is meant to be 
used directly by doctors and other practitioners, and 
would not be easy to understand for average patients. 
Secondly, the system being used must be designed to 
accommodate future changes as well as different user 
roles. A good practice in developing software is to follow 
an incremental process which divides the entire problem 
into sub-problems and then solves one of them at a time. 
Given the huge amount of information about patients, 
scattered throughout multiple sources, it is not possible to 
include information from all medical areas that one 
system can handle from the beginning. A better approach 
would be to develop a prototype of a system which 
handles a specific medical area, allowing more 
functionality to be added in the future without completely 
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rewriting the existing system. On the other hand, since 
there is a big difference in terms of the expertise of 
medical practitioners and the average consumer, the 
system should provide an adaptive interface which 
supports the characteristics of a specific user profile, and 
display the most relevant information to that specific user 
in a suitable environment. 

B.  Electronic Medical Records and Interoperability 
Medical information systems today store clinical 

information about patients in many kinds of proprietary 
formats. To address interoperability problems between 
different formats, several EHR standards have been 
developed that structure the clinical content for the 
purpose of exchange. This section presents a brief 
introduction to the most relevant EHRs, examines their 
level of interoperability, and assesses them in terms of 
content structure, multimedia support, and access 
services. 

Electronic Healthcare Records have been an active 
research field in medical informatics for many years. 
There have been various definitions of EHRs, and we will 
use the definition [12] “digitally stored health care 
information about an individual’s lifetime with the 
purpose of supporting continuity of care, education and 
research, and ensuring confidentiality at all times.” An 
EHR includes information such as observations, 
laboratory tests, diagnostic imaging reports, treatments, 
therapies, patient identifying information, legal 
permissions, and allergies. Currently, this information is 
stored in all kinds of proprietary formats through a 
multitude of medical information systems available on 
the market and used by different organizations. This 
results in a severe interoperability problem in the 
healthcare informatics domain. 

To address the EHR interoperability problem, several 
standards have been proposed and continue to evolve. 
These standards include Health Level 7 (HL7) Clinical 
Document Architecture (CDA) [13], openEHR [14], and 
CEN EHRcom [15]. These standards are all intended to 
structure clinical information content and provide markup 
for the purpose of exchange. Another industry initiative is 
Integrating the Healthcare Enterprise (IHE) [16] which 
has specified the Cross-Enterprise Document Sharing 
(XDS) integration profile [17]. The idea behind IHE XDS 
is to use ebXML registry/repository architecture to 
facilitate the sharing of healthcare documents. Despite the 
popularity of these interoperability standards, their 
problems are obvious. First of all, standards such as HL7 
CDA only specify the medical contents of a message and 
therefore are not a complete interoperability framework. 
Secondly, they do not distinguish knowledge from data, 
which may affect the ability of the average healthcare 
consumer to understand the information. Even in IHE 
XDS, the meaning of meta-data of all shared documents 
is not explicitly specified [18, 19]. Thirdly, there is a lack 
of design methodology from the software perspective. 
This poses difficulties in promoting program reuse and 
dynamic configuration. Our strategy is to allow the 
separation of EHR content development from system 
design, so that a change in EHR content causes minimal 

change in system configuration and deployment. 
Another important issue in integrating electronic 

medical records is semantic interoperability. The medical 
field does not have a unified terminology set, which 
causes a problem for semantic interoperability. This is 
reflected by the fact that the messaging standards used in 
eHealth today may use different terminologies for the 
same concept. Any incorrect interpretation of these 
concepts could result in misdiagnosis of the patient’s 
illness or even death. Therefore, semantic interoperability 
is critical in any EHR integration framework. Traditional 
terminology systems are based on the enumerative 
classification of concepts and terms. These schemes are 
constructed entirely by experts enumerating all the 
possible concepts that are to be represented within the 
scheme. This approach lacks reusability and extensibility, 
and is only appropriate when the context is limited to 
summary descriptions and interpreted by skilled humans.  
An alternative approach is to capture the general 
principles and knowledge that underlay the use of 
medical terminology within a formal model, which can be 
used to generate only sensible medical concepts and 
associated terms. Outside of medicine, descriptive logics 
are being increasingly used for knowledge representation, 
indexing, and data management. Therefore, it is 
considered a fitting theoretic foundation to build a formal 
knowledge model. One example is SNOMED CT 
(Systematized Nomenclature of Medicine -- Clinical 
Terms) [20], which is a systematically organized, and 
computer process-able collection of medical terminology 
covering most areas of clinical information. In SNOMED 
CT, logical terms such as “terms” and “concepts” are 
used to model different levels of entities. It also uses a 
compositional structure which means the underlying 
knowledge model consists of a limited number of 
elementary concepts, a set of attributes, and a series of 
rules to specify how individual elements may be 
combined to form complex concepts. For example, the 
term “pain” is an atomic concept, and “back pain” 
represents composition of two atomic concepts “back” 
and “pain”.  Although SNOMED CT actually considers 
the term “back pain” as a single concept, the composition 
rule allows for other concepts to be added forming new 
concepts such as “chronic back pain”. Theoretically, one 
can add as many adjectives to describe complex concepts 
in SNOMED CT. Another ontological approach is 
provided by OpenGALEN[21], which is an open-source 
project aimed at providing semantic integration through 
its terminology server. Similar to SNOMED CT, 
OpenGALEN constructs medical terminologies based on 
description logic models. The heart of OpenGALEN is a 
formal conceptual information model, namely the 
Common Reference Information Model. This conceptual 
model stores the clinical content such as medical 
concepts and can be used as a framework for specific 
knowledge about protocols or decision support. The 
GALEN Common Reference Model is built with GRAIL 
(Galen Representation and Integration Language). 
GRAIL is a concept modeling language and a formal 
system for modeling medical concepts in a form suitable 
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for computer reasoning. Similar to SNOMED CT, the 
GALEN Common Reference Model is compositional in 
the way that GRAIL can declaratively combine atomic 
concepts to form complex concepts. The use of the 
formal language GRAIL not only bridges the gap 
between coding categories for medical information and 
day-to-day use of clinical language, but also has the 
advantage of generating explicit and medically sensible 
clinical information. Finally, the GALEN terminology 
server is the software solution which implements the 
GRAIL language and stores the reference information 
model. It is also the device that provides the terminology 
integration service to client applications. 

III.   METHODOLOGY 

With the goal of designing a system based on flexibility 
and adaptability, and the need to use existing information 
and applications, the necessity of extending an existing 
framework becomes important. Therefore, the best 
strategy is to reuse and extend the functionality of an 
existing framework. This requires a clear understanding 
of the architectural foundation of our intended system. 

The key aspects of the agent based framework are data 
repository modeling and mechanisms for agent 
communication. This can be abstracted by the entities 
shown in Figure 1. The database in which the EHR 
information is stored and processed constitutes the basic 
building blocks of our data repository. The various 
information agents are communicating with the database 
and the knowledge base where the EHR information is 
further processed and stored as knowledge queries. This 
is done by the data wrapper agent, which has sufficient 
knowledge of underlying database structures and is 
responsible for transforming data tables into knowledge 
representations. The knowledge representation in this 
case contains the following components: 
• Meta-data used for abstract information on 

knowledge and other related information. The meta-
data works like a multi-level index for relational 
databases, and is mainly used for fast searches. For 
example, meta-data for a diabetes knowledge base 
could have information such as blood sugar level and 
insulin usage or possible trends such as climbing sugar 
levels indicative of approaching diabetes or marker 
tracking (oxalate levels or sodium levels, etc.) in 
response to treatment therapies or changing food 
nutrition/exercise programs.  Any queries that contain 
these query parameters could be used for cross-
referencing the diabetes knowledge base for possible 
relationships, even if the original query was not 
intended for diabetic diagnosis. 

• Common medical terminology base used for medical 
terminology semantic interoperability. The medical 
field does not have a unified terminology set, which 
causes a problem for semantic interoperability. For 
example, the terms heart attack, myocardial infarction, 
and MI may mean the same thing to a cardiologist, but 
they are all different to a computer. Therefore, a unified 
and comprehensive medical terminology systems must 
be included as part of the information infrastructure.  

Given the complexity of medical domain, an 
enumerative approach of a terminology base is 
impractical.  A better solution is to represent medical 
terminologies as knowledge using a logic-based 
formalism. This is typically done by designing a 
common reference model formulated in specialized 
description logic. The concepts and terms in a common 
reference model are usually organized in one or more 
hierarchies, while the model checking algorithms can 
be customized to query the concepts and instance 
described.  

• User profile for different user targets. Our 
framework targets different user groups and returns 
information intelligently, based on the user’s profile 
and past knowledge patterns. For example, a result 
desired by a physician and a patient is usually different. 
Physicians may ask for as much information as 
possible, therefore helping them understand more about 
a patient situation and prevent further possible 
complications, whereas patients may just need to know 
if they actually have the sickness they suspected. A user 
profile contains basic parameters of the user’s expert 
level and possible preferences. The user profile also 
analyzes the user’s past history in order to get an update 
on the user’s preferences. 

• Query definition for fast construction of dynamic 
queries based on user inputs. The query definition 
contains all necessary database syntactic constructs and 
any of their possible extensions for the query search 
engine. 

 

 
              
   

           
 
 
 
 
 
Figure 1.   Overall System Architecture 
 

A. Hierarchical Ontology Development 
An ontology defines a common vocabulary for 

researchers who need to share information in a domain. It 
includes machine-interpretable definitions of basic 
concepts in the domain, and relations among them. The 
main reason for using an ontology in domain-specific 
data modeling is that it enables a reuse of domain 
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knowledge and allows a separation of domain knowledge 
from operational knowledge. In the case of EHR 
interoperability, the ontology allows us to focus on the 
modeling of health-related information through the 
functionalities of the agents and other aspects in the 
framework.  Data representation in the knowledge base 
can be modeled by a hierarchical ontology. For the 
purpose of easing transition from an EHR standard to the 
underlying messaging, we use HL7 RIM as the 
foundation of our ontology, as shown in Figure 2, edited 
in Protégé[22]. There are specific reasons to do so. First 
of all, HL7 RIM is an excellent referencing point for an 
ontology since it has a similar information structure and 
covers all the entities that are modeled in an HL7 V3 
message. Secondly, HL7 RIM is a high-level data model 
that has been put through extensive validation processes 
by domain experts.  Therefore, it provides certain facts 
about entities within the ontology hierarchy. Third, an 
ontology based on HL7 RIM helps the transition to HL7 
messaging by reusing its data types and semantics. The 
ontology is stored as a dynamically linked library (DLL) 
so it is only loaded when necessary. An advantage of 
using a DLL is its dynamic updating so that any change 
made to the ontology can be reflected in the code to 
update the data modeling hierarchy. 

 

 
 
 

Figure 2.   Example of HL7 RIM - Based Ontology 
 

The development of an ontology-based knowledge base 
is a complex process. The procedures that need to be 
undertaken could vary based on the current context. The 
process usually requires entity modeling, domain facts, 
and inference rules. As mentioned earlier, HL7 RIM 
provides a good reference for entity modeling and 
domain facts in healthcare.  However, this only gives us 
an empty knowledge system since the abstract inference 
rules have not been added to become executable rules. 

Since we begin development from a small ontology, we 
are using an incremental approach for the ontology 
engineering process. A set of representative facts can be 
used to validate the ontology and, if successfully 
validated, we can add more domain facts to build more 
complex rules. At this point, the abstract inference rules 
we use are induced from the class-entity relationship 
diagram in HL7 RIM. For example, basic semantic rules 
such as isComponentOf can be induced from the subclass 
type in the UML class diagram in Figure 2. From basic 
rules such as isComponentOf, we can induce other rules 
such as acts ON so that behavior acts on a subclass entity 
are automatically transmitted to a parent class entity. For 
example, a disorder which acts on a heart valve can be 
automatically induced to 

 
DisOrder acts ON (valve IsComponentOf Heart) 
 
Abstract inference rules such as those above can be 

transformed into OWL statements using Protégé, and 
implemented straightforwardly in a Java-based domain 
modeling tool such as JADE [23] or JESS [24]. 
Furthermore, JESS integration in Protégé makes it 
possible to reuse the ontology in the knowledge rules. 

B. Ontology Mediation 
  When an HL7 message arrives that is encoded in an 
EHR standard format, we need to mediate the message 
with the ontology. What this means is that the knowledge 
management agent must analyze the various parts of HL7 
message, map it to the ontology, and make appropriate 
adjustments. The process of handling the possible 
overlaps and mismatches between ontologies is called 
ontology mediation. There are different approaches to 
ontology mediation such as ontology mapping, ontology 
alignment and merging, etc [25]. For our purposes, we 
start from a relatively small scale and use a specific 
pattern for specification and exchange of ontology 
differences. 

This pattern is used to accommodate differences 
between attributes in different classes used in separate 
ontologies. One can use this to map one concept to 
another concept, or an attribute value in a concept to 
another concept. For example, assume we have two 
incoming EHR messages in two different ontologies that 
describe patient demographic information. Ontology O1 
has a concept Patient with attribute Gender. The other 
ontology O2 has no Patient concept but instead has two 
concepts Man and Woman. For the attribute Gender in 
O1, the possible values are Male and Female. Now we 
need to create two mapping rules to handle the 
mismatches in the style of modeling: one for mapping 
Male to Man, the other for mapping Female to Woman. 
The mapping becomes (Patient Female 
attributeCondition(Gender, Female)). This example 
illustrates the mapping from a concept, namely Man and 
Woman, to attribute values in another concept, namely 
Male and Female in Patient. This pattern can be 
generalized to become a general solution of class 
mapping such that a general mapping method for the 
above example could be: 
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Mapping(Patient or (Man or Woman)) 
 
The mapping pattern can be used to develop a mapping 

language used for ontology mediation. For example, this 
language can be transformed into mapping languages 
such as OWL DL [26] and WSML-Light [27]. The 
possible difficulty is that the original vocabularies and 
symbols used to describe rules and relations may not be 
allowed in the target language. This could be solved by 
adding extension mechanisms that allow arbitrary logic 
relations in the transformed language. 

C. A Service Oriented Framework with Agent Support 
  A service-oriented architecture (SOA) is a software 
architectural concept where applications are partitioned 
into discrete units of functionality called services. Each 
service implements a set of related business rules or 
function points. The basic building blocks of SOA are 
shown in Figure 3. The services are provided to the client 

 
 
 

Figure 3.   Basic Service Oriented Architecture  
(Adapted from [28]) 

 
applications or consumers. The advantage of adopting 
SOA architecture in the software design is the flexibility 
for change. SOA allows for the reuse of applications or 
applications components as well as promising interopera-
bility between heterogeneous applications and 
technologies.  

Services are offered by service providers that procure 
the service implementations, supply their service de-
scriptions, and provide related technical and business 
support. Since services may be offered by different 
enterprises and communicate over the Internet, they 
provide a distributed computing infrastructure for cross-
enterprise application integration and collaboration. 
Clients of services can be other solutions or applications 
within an enterprise or clients outside the enterprise, 
whether these are external applications, processes or 
customers/users. To satisfy these requirements, services 
should be technologically neutral in that the invocation 
mechanisms (protocols, descriptions and discovery 
mechanisms) should comply with widely accepted 
standards. Services should also be loosely coupled as 
they must not require knowledge or any internal 
structures or conventions (context) on the client or 
service side. 

The shift towards the service-oriented computing 
paradigm not only involves a new way of conceptualizing 
complex distributed applications, but also calls for more 
abstract software development and deployment 
technologies. Agent-oriented software engineering 
delivers such an abstraction. 

SOA is an architectural approach that has the objective 
of achieving loose coupling among interacting software 
agents. A service is defined as a unit of work done by a 
service provider and achieves desired results for a given 
consumer, where both provider and consumer are roles 
played by software agents on behalf of their owners. The 
results of a service are usually a change of state for the 
consumer, or for the provider or for both. A high-level 
interaction between agents in a service-oriented 
framework is shown in Figure 4. The interaction between 
agent components in a service-oriented architecture must 
satisfy two constraints. First of all, the services should 
present a small set of interfaces to all participating 
software agents. Secondly, the 

 
Figure 4.  Abstract Interaction Between Agents and Services 

 
agent communication mechanism must exchange a set of 
descriptive messages constrained by an extensive schema 
delivered through the interfaces. In our scenario, the 
message layer implemented by the agent communication 
language should consist of underlying clinical content 
encoding as well as language constructs that provide the 
message exchange mechanism. The agent communication 
language must also be extensible to allow new versions of 
services to be introduced without interrupting existing 
services. As we will explain later, the agent interaction is 
based on a flexible communication language which 
encapsulates underlying clinical content supported by a 
medical information standard such as an ontology. 

To be qualified as an agent, a system is often required to 
have properties such as autonomy, social ability, 
reactivity, and proactivity [29]. The key feature which 
makes it possible to implement systems with the above 
properties is that programming is done at a very abstract 
level; more precisely, using a terminology introduced by 
Newell, at the knowledge level [30]. In the agent-oriented 
vision, software is built not by providing low level 
imperative lines of code to be followed sequentially, but 
rather by defining high-level goals to be achieved. In 
order for an agent to achieve its goals it must have a 
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number of capabilities; most notably, an agent must have 
reasoning, communicating, and acting abilities. We will 
focus on two main properties of agents in our framework: 
reasoning and communicating. 
  Reasoning: Given a set of goals, knowledge about the 
world’s behavior and information on the current status of 
the world, the agent must be able to reason to achieve the 
goals that have been delegated to it. In our framework, 
knowing a transactional process in the form of a ontology 
description, a security or transactional requirement or a 
rule in the form of a ontology specification allows the 
agent to model the world’s behavior and therefore to plan 
and act accordingly. Figure 5 depicts an example of this 
process. Since our ontology is hierarchical and is only 
loaded dynamically, each ontology is handled by a single 
type of agent, which only has that specific knowledge. 
Therefore, it is the responsibility of the knowledge 
management agent to spawn a new agent that the domain 
area is required to handle the overall situation. The 
knowledge 

 
 

        Figure 5.   Agent Spawning Model 
 

management agent acts as a central broker and provides 
that service by generating the correct type of agents.  
Meanwhile it loads the required library that conforms to 
the ontology.  

Communicating:  Agents must be able to communicate 
with one another and with services in order to cooperate, 
reach agreements, and negotiate business interactions. 
This happens via standardized languages such as those 
offered by XML-based web service descriptions. We use 
KQML (Knowledge Query and Manipulation Language) 
[31,32,33] to handle communications between agents. 
The overall communication mechanism in our framework 
is shown in Figure 6. The communication component is 
encapsulated by the use of KQML among agents, which 
provides a service component that is responsible for the 
interaction. KQML offers an abstraction of an 
information agent (provider or consumer) at a higher 
level. In particular, KQML assumes a model of an agent 
as a knowledge-based system (KBS). Such systems can 
usually be modeled as having two virtual knowledge 

bases – one representing the agent’s information store 
(i.e., beliefs) and the other representing its intentions (i.e., 
goals) [34]. 
  Furthermore, agent proactivity is represented by acting 
on their behalf based on their goals and beliefs in the 
environment they populate. In the adaptive user interface 
scenario, acting is based on reasoning and possibly 
communicating with the knowledge component that 
stores the user profile. For example, user search histories 
are stored in the knowledge base so that each user’s next 
search is compared to previous search parameters. The 
adaptive user interface reasons with the user profile and 
its past history to determine if a novice or expert interface 
is required. If a decision cannot be made, the adaptive 
interface agent will ask the user what type of interface 
he/she prefers, and then load the necessary graphical 
interface components to render the screen. This may not 
be the perfect solution at first sight, but it is likely that the 
user parameters such as occupation and expert level 
information will lead to a best possible scenario. 
 

 
 

Figure 6.  Abstract Communication Model  
 

D. Knowledge-based Access to Distributed Databases 
  Knowledge-based systems (KBS) are productive tools 
of Artificial Intelligence (AI) working in a narrow 
domain to impact quality, effectiveness, and knowledge-
oriented approach in decision-making process. According 
to [35], KBS possess characteristics such as: 

• Providing a high intelligence level. The 
difference between knowledge and data is that 
knowledge provides a higher level of conceptual 
intelligence, whereas data are often raw and not 
self-explanatory.  

• Offering a vast knowledge base. One of the main 
components of KBS is the knowledge base, in 
which domain knowledge, meta-knowledge 
(knowledge about knowledge), factual data, 
procedural rules, business heuristics, etc. are 
available. In the case of EHR knowledge 
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modeling, the knowledge base could include an 
ontology modeling hierarchy, semantic 
interoperability framework, database heuristics, 
logic inference rules, etc. 

• Improving management activities: Explanation, 
reasoning, and self-learning are important 
aspects of KBS. These characteristics help 
improve the accountability and scope of the 
system. The intelligent decision-making 
capability shown by a KBS also provides 
justification for the decisions made by the 
system. Figure 7 illustrates a typical structure of 
KBS and how different levels of data are viewed 
in the data pyramid in KBS. 

  As most business applications deal with several 
databases of a homogeneous nature, they can interact 
easily. However, in eHealth applications, two problems 
pose difficult challenges in achieving interoperability in 
accessing and manipulating data. First of all, the 
existence and use of multiple EHR presents a problem for 
effective data sharing and management. Typical  

 
 
                  Figure 7.   Knowledge Base System Architecture (Adapted 

from [35]) 
development of an EHR system is usually done 
separately and without knowledge of interoperability with 
other standards.  Secondly, the heterogeneous nature of 
databases does not support just one type of data modeling 
topology. For a thorough consideration of achieving 
interoperability, data heterogeneity must be considered. 
For example, if we assume that only a relational database 
is used, an agent could be deployed to integrate queries to 
the database and make the system flexible. However, 
accommodating different types of databases is a much 
more complex problem. The possibility of using an agent 
oriented system has been suggested, to address the 
heterogeneous nature of complex environments such as 
eHealth.  For example, in [36], an agent-based 
architecture based on speech-act theory is proposed to 
address heterogeneity issues from various data sources. A 
similar approach is used in [37] where a multi agent 
system is designed for a geographical information system 
and the agent interaction is based on a mediator model. In 
our scenario, the data wrapper agent is responsible for 
performing schema transformation and query translation, 

and essentially provides a programming environment 
explicitly for the exploitation and reuse of uniform data 
models.  The data wrapper agent will be communicating 
with the knowledge management agent, which controls 
the storage of meta-data and schema mapping 
information. 

IV. CONCLUSIONS AND FUTURE WORK 

Over the years, the existence and use of multiple EHRs 
has presented problems for effective data sharing and 
management, since these EHRs were developed 
separately and without a need for interoperability with 
other standards. They also do not promote software reuse, 
and prevent flexible adaptive software maintenance. 

This paper presents a conceptual agent-based 
framework to address electronic health record 
interoperability. The distributed and often heterogeneous 
nature of health information exchange implies the 
possibility of adopting a service-oriented approach where 
the services are implemented by various agents 
communicating via KQML. This knowledge-based 
methodology provides a concrete and more precise model 
of medical information exchange, especially for the 
benefit of healthcare consumers. The knowledge base is 
modeled primarily at a high level using a multi-level 
ontology where different medical domain information is 
stored in dynamically linked libraries. This provides the 
benefit of efficient network bandwidth usage and flexible 
system reconfiguration as only the necessary libraries are 
loaded at the right time. Overall, this framework provides 
a basis for personal health system development which 
promotes software reuse and allows dynamic 
reconfiguration without disrupting other services in the 
environment. 

We think this framework is the first step to truly achieve 
seamless integration of electronic medical information 
exchange and provide a better quality of healthcare. A 
prototype of such a system using a small ontology 
example is being developed; however, it is unlikely that 
an ontology for complete healthcare information will ever 
be truly achieved. Compromises may need to be made 
during agent reasoning and communication that are 
usually based on incomplete information.  Determining 
how close we will get to a desired final interoperability 
result is still subject to careful testing. To evaluate our 
final result, we intend to use a scenario-based analysis to 
determine if our framework satisfies our initial research 
objective. The reason that we intend to focus on 
framework validation is that this research is a feasibility 
study to investigate how multiple EHR sources can be 
placed systematically into a knowledge accessible 
framework. Specific test cases will be developed at the 
later stage of the research to examine whether our 
implementation meets our goal. 

This informal presentation of our framework lacks 
formal grounding, but formal modeling tools such as 
Petri Nets could help to provide a thorough verification of 
our framework. In addition, if the proposed complex 
ontology is to be fully developed, there must be 
cooperation among different domain experts and groups. 
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