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Abstract—The transformation of a document-based medical guideline into a computer-based decision support is a time-consuming 
and error-prone activity. One way to alleviate this burden is by facilitating, as much as possible, the (semi)automatic 
implementation and further validation of the knowledge intensive tasks embedded within medical guidelines. This paper presents a 
bilingual (English and Spanish) “proof of concept” simulation framework and computational test-bed, called V.A.F. Framework, 
that takes advantages of both CommonKADS methodology and Semantic Web technologies (OWL, SWRL, and OWL-S) to enable 
experiments (simulations of clinical situations) that allow overcoming the main barriers to successfully express medical guidelines 
in an executable form compatible with Electronic Medical Records (EMRs).To demonstrate how higher integration between EMRs 
and evidence-based medicine can be accomplished, this paper focuses on the “Acute Red Eye”, a clinical ophthalmologic domain  
known by General Practitioners (GPs) that usually requires the intervention of ophthalmologists (specialised physicians), so 
medical referral guidelines as well as ophthalmology medical guidelines need to be codified and integrated with EMRs. 
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I. INTRODUCTION AND CURRENT MOTIVATION 
 

Since the 1990s many frameworks for modelling clinical 
practice guidelines (also known as medical guidelines) in a 
computer interpretable and executable format have been 
proposed, such as [1], [2], and more recently [3]. These 
frameworks concentrate on specific types of guidelines, end-
users, and even organisations. In parallel to the flourish of 
these frameworks over the years, a variety of guideline 
representation languages have emerged, including 
PRODIGY [4], PROforma [5], Asbru [6] EON [7], and CLIF 
[8]. Nowadays, the various guideline representation 
languages and related frameworks also need to address 
compatibility with healthcare information systems that aim 
to be interoperable on nation-wide and even international 
levels. 

Exchanging medical documents over healthcare networks 
is becoming a reality, as building the e-infrastructures that 
will enable the sharing Electronic Medical Records (EMRs) 
of a patient is currently the first priority of the national e-
Health roadmaps of many countries. In UK, the NHS 
Connecting for Health [9] is creating a NHS Care Records 
Service to improve the sharing of patients' records across the 
NHS with their consent. In parallel to this initiative, the UK 
National Institute for Clinical Excellence (NICE) [10] 
promotes evidence-based medicine and lays down between 
10 to 15 document-based guidelines per year that are 
intended to be disseminated to frontline NHS staff and make 
them also available to patients. However, despite these 
efforts, in UK there is still a lack of full integration between 
current EMRs and evidence-based medicine. To illustrate 

this: EMIS [11] is a primary care clinical system in the UK 
that considers each clinical problem of the patient 
independently and where most of the help provided is 
document-based guidelines (e.g. NICE medical guidelines) 
that are accessible separately by means of Mentor on the web 
[12]. 

Without full integration of medical guidelines with 
EMRs; the time of General Practitioners (GPs) is wasted in 
one or both of the following ways: 1) the practitioner, 
“knowing the guidelines”, practices from memory and then 
(hopefully) prior to the next consultation realises that there is 
a step or investigation missed out; and 2) the practitioner 
spends time in each consultation looking at the guidelines to 
ensure compliance. Either the next consultation is spent 
caching up, or the initial consultation is longer. The 
automated integration of medical guidelines with EMRs 
should obviate this waste of resources and lead to more 
evidence based practice that would have a beneficial impact 
on patients’ safety. 

Standardisation efforts for the Semantic Web have 
progressed to the point of reaching a level of maturity that 
allows the integration of ontologies and rules, see [13]. Thus, 
it is worthwhile to explore to what extend Semantic Web 
technologies can support automatic reasoning of knowledge-
intensive tasks within guidelines. The main goal is to express 
medical guidelines in an executable form compatible with 
Electronic Medical Records (EMRs). 

Knowledge-intensive tasks have been traditionally 
addressed by Knowledge Engineering (KE), where the 
construction of knowledge-based systems can be seen as a 
modelling activity oriented towards developing structured 
knowledge and reasoning models. KE has a long tradition of 
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addressing the development of Knowledge-Based Systems 
(KBSs) by reusing generic components, such as ontologies 
[14] and/or Problem-Solving Methods (PSMs) [15]. 
Examples of KE approaches based on reusing PSMs are: the 
CommonKADS methodology [16], the formal framework 
UPML [17], and the general-purpose framework PROTÉGÉ-
II [18]. However, Semantic Web technologies have not been 
covered in any of these three classic KE approaches 
mentioned. 

The research study presented here pursues to 1) facilitate 
(semi)automatic implementation and further validation of the 
knowledge intensive tasks embedded within the medical 
guidelines; as well as 2) promoting the integration between 
EMRs and evidence-based medicine. The current research 
approach is aligned to the one presented for e-Government in 
[19]. Both approaches aim to take advantages of both 
CommonKADS [16], one of the commonly used KE 
methodologies, and Semantic Web technologies (OWL [20], 
SWRL [21], and OWL-S [22]). However, a key difference 
between [19] and the current approach is in terms of the 
implementation of the reasoning component, where [19] uses 
Jena. Although, Jena [23] is one of the most popular 
reasoning tools, the Jena implementation of OWL did not 
scale for large datasets. In fact, the JVM ran out of memory 
by 11 million triples [24]. This can become a serious 
bottleneck, as anonymised primary care data is now widely 
available for research purposes. To illustrate this: the 
General Practice Research Database (GPRD) [25] contains 
coded diagnostic, demographic and prescribing information 
for over 3 million currently registered patients, and over 8 
million historic patients from around 450 practices 
throughout the UK. Thus, the GPRD has great potential for 
piloting aid-decision tools; however, its current size can not 
be underestimated. 

Based on the experiments conducted so far, the major 
benefit is to facilitate overcoming the main barriers 
mentioned in [26] to successfully express medical guidelines 
in an executable form compatible with EMRs. 

This paper is organised as follows. Section 2 provides an 
approach overview.  Section 3 illustrates the construction of 
a domain knowledge. Section 4 shows how relevant 
fragments of medical guidelines and some medical 
background knowledge can be modelled as SWRL rules. 
Section 5 provides details about how a knowledge-intensive 
task can be exposed as a modelling procedure that involves 
the control and data flow of OWL-S process models. Section 
6 outlines the validation of the V.A.F. Framework that is 
performed by focusing on ‘Acute Red Eye’. Concluding 
remarks are in section 7. 

 

II. APPROACH OVERVIEW 
 

As an outcome of the fruitful ongoing collaboration 
between academics and clinicians from UK and Spain, there 
is a bilingual (English and Spanish) “proof of concept” 
simulation framework and computational test-bed, called 
V.A.F. Framework, that intends to support rapid 
experimentation to foster formalisation and execution of an 

increasing number of medical guidelines (including the ones 
related to common non-life-threatening conditions) on the 
Web. Towards this aim, the V.A.F. Framework uses 
Semantic Web technologies as follows: 1) the Web Ontology 
Language OWL [20] to formally define concepts, 
relationships, properties and axioms of the domain 
knowledge; 2) the Semantic Web Rule Language (SWRL) 
[21] to represent the rule knowledge; and 3) the OWL Web 
Ontology Language for Services (OWL-S) [22] to formally 
capture the inference and task knowledge. 

Currently there is a lack of health information systems 
where EMRs and a wide-spectrum of computer-interpretable 
medical guidelines (including the ones related to common 
non-life-threatening conditions) are fully integrated. The 
V.A.F. Framework proposes to reduce the overwhelming 
cost of deploying and developing pilot health information 
systems, by allowing simulations of clinical situations with 
two fundamental objectives: 

 
1. To try out different ways of structuring and marking-

up the clinical content of EMRs and to promote 
experiments with a mixture of different biomedical 
coding terms (e.g. SNOMED-CT [27]). Thus, the 
V.A.F. framework facilitates comparing different 
ways to codify the medical information within EMRs, 
and therefore, it can be seen as a computational test-
bed. To achieve this objective, Web-based simulations 
of ontology-based applications are preformed (see 
figure 1). 

2. To perform experiments that enable foreseeing how 
well EMRs and computer-interpretable guidelines 
(including the ones related to common non-life-
threatening conditions) can be integrated. 
Furthermore, these experiments enable to verify the 
accuracy of the interpretation of general scientifically 
founded statements described in medical guidelines 
about what should be done. This is a paramount, as 
medical guidelines are written with a concrete 
patient’s (group’s) profile in mind; it is extremely 
useful to try out if what should be done is well suited 
for a diverse battery of diverse patients. To achieve 
this objective, Web-based simulations of ontology-
based applications with reasoning services are 
preformed (see figure 1). 

 
The V.A.F. Framework also pursues allowing 

interoperability with the ontology-design and knowledge 
acquisition tool Protégé [28] (see figure 1). Protégé has been 
used to author guidelines in EON, CLIF, PRODIGY, and 
PROforma. Although the benefits of Protégé are undeniable, 
and it is one of the most widely cited ontology-design and 
knowledge acquisition tool, ontology developers still face the 
gap between modelling and implementation. As in literature 
appears approaches to software development where 
ontologies have been successfully employed (e.g. see [29], 
[30], [31]), the current research approach proposes 
simulations as a way to reduce the existing gap between 
modelling and implementation. 
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Figure 1.  Approach overview 

The construction of KBSs by sharing and reusing pre-
existing knowledge can be twofold: 

 
1. Reusing domain factual knowledge, i.e. knowledge 

about the facts in the domain of interest, where 
following a modular ontological design is highly 
recommended. 

2. Reusing knowledge about the operational aspects of 
KBSs. 

 
Therefore, ontologies and Problem-Solving Methods 

(PSMs) arise as promising candidates to facilitate 
knowledge-component reuse and sharing. As it is stated in 
[32], “ontologies define domain knowledge at a generic 
level, while problem-solving methods specify generic 
reasoning knowledge”. A PSM can be characterized by [15]: 
1) a set of actions that must be carried out in order to solve a 
problem; 2) a control structure over these actions; and 3) a 
set of knowledge roles that specify the dynamic and static 
knowledge needed. 

There are different types of ontologies, such as: generic 
ontology; domain ontology; application ontology; method 
ontology; and task ontology. Domain ontologies [33] [34] are 
reusable in a given domain; while application ontologies 
[34] contain the necessary knowledge for modelling a 

particular application. In CommonKADS [16], application 
ontologies “are in fact amalgamates of different types of 
ontologies”. 

In CommonKADS methodology, a knowledge model 
(also known as expertise model) contains three knowledge 
categories [16]: 

 
1. Domain knowledge – it specifies both a schematic 

description of the domain knowledge structure and the 
instantiation of the domain knowledge in this 
structure. 

2. Inference knowledge – it describes the most basic 
reasoning steps. 

3. Task knowledge – it provides a specification of which 
are the goals of the reasoning process (task) and the 
strategies to achieve these goals (task-method). 

 
In CommonKADS, the development of applications by 

adapting PSMs consists in [16]: 
• Choosing a set of task-methods (task templates) that 

can satisfactorily solve the application task. Usually, 
this involves selecting and adapting some methods 
from a library. 

• Constructing the domain-knowledge schema. 
• Completing the knowledge model specification. 



M  ARGUELLO et al: ENABLING REASONING ON THE WEB 

IJSSST, Vol. 10, No. 2                                                   ISSN: 1473-804x online, 1473-8031 print 50

From the point of view of KE, computer-based decision 
support in healthcare implies knowledge-intensive tasks. Due 
to the importance to check progress and alter the 
development direction if necessary, tests and revisions 
cannot be postponed to the final stages of knowledge-model 
construction. So, simulations of clinical situations are 
conceived to validate the knowledge model through its 
construction (see figure 1). 

The V.A.F. Framework (see figure 2) considers three 
profiles of users: 1) knowledge engineers that construct the 
knowledge model; 2) clinical experts who provide examples 

of EMRs and interpret the knowledge embedded in medical 
guidelines and protocols; and 3) clinical users who perform 
simulations of clinical situations to try out different ways to 
structure and mark-up the clinical content of EMRs or to 
verify the accuracy of the interpretation of general 
scientifically founded statements described in medical 
guidelines. The black arrows in figure 2 represent the 
interactions with the V.A.F. Framework, while the grey 
arrows represent the interactions among the different user 
profiles. 

 
 

 
Figure 2.  End-users’ profiles 

As pointed out in [26], there are main barriers to 
successfully express medical guidelines in a form compatible 
with EMRs. In [26] four main barriers have been 
distinguished: 1) differences in granularity and axes of 
classification; 2) need for inferential abstractions; 3) 
ambiguity of operational meaning; and 4) differences in 
encapsulation and form of expression. To overcome these 
barriers, the current approach considers two phases (see 
figure 1) where simulations of clinical situations can be 
done: 

• Phase 1 – it does not take into account inference or 
task knowledge, only involves domain knowledge, 
and therefore, it defines domain concepts and 
relationships among them. OWL is used to formally 
describe concepts, relationships, properties and 
axioms within the domain. This phase is devoted to 
obtain the domain ontology and the application 
ontology to deal with EMRs. 

• Phase 2 – it takes into account inference and task 
knowledge. The current research puts a lot of 
emphasis on this phase to: 1) provide mechanisms to 
model a medical guideline into a clear and structured 
representation that can be tested to verify the correct 
interpretation of the general scientifically founded 
statements described in the guideline about what 
should be done, and 2) enable adjusting guidelines in 
such a way as to keep them up to date, i.e. allowing 

the necessary mechanisms to facilitate the extension 
or modification of guidelines in the light of new 
evidence. 

 
The research study presented follows the three stages 

proposed by CommonKADS to construct a knowledge 
model [16]: 

 
1. Knowledge Identification – in this stage, typical 

activities are: a) to explore information sources that 
are useful for knowledge modelling, such as lexicons 
and/or glossaries of domain terms, and b) to list 
potential components for reusing, such as domain-
related components and task-related components. 

2. Knowledge Specification – in this second stage the 
construction of an initial specification of the 
knowledge model is made, and an initial task 
decomposition is provided. Typically this stage 
involves marking up and modelling portions of text 
from medical guidelines. 

3. Knowledge Refinement – in this third stage, the 
resulting knowledge model is validated by simulations 
of clinical situations. These simulations must look and 
feel as if they were a “real” execution of the 
knowledge model. Typically, this stage involves 
knowledge adjustments as well as inserting more 
knowledge instances. 
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III. DOMAIN KNOWLEDGE 
The first objective is to obtain the domain ontology and 

the application ontology to deal with EMRs. Thus, an 
analysis of the requirements was done. This includes: 

 
• Purpose: to support edition of EMRs related to the 

ophthalmologic clinical domain ‘Acute Red Eye’. 
• Level of formality: initial semiformal modelling using 

the Unified Modelling Language UML [35], followed 
by a formal modelling in OWL. 

• Scope: clinical content relevant for EMRs, where 
special attention is paid to gather knowledge relative 
to the ophthalmologic clinical domain ‘Acute Red 
Eye’. Thus, the knowledge acquisition focuses into: a) 
the information to record during each patient visit; 
and b) the activities that the physician performs with 
each patient. 

• Determination of the strategy for the efficient 
knowledge acquisition: following in-depth interviews 
with clinical experts; concrete examples of 
anonymised EMRs related to ‘Acute Red Eye’ were 
provided. These documents record what happens in a 
patient’s visit: the physician should interrogate the 
patient (anamnesis) and ask about the history of his or 
her present illness (a set of symptoms which includes 
the chief complaint and the additional symptoms) and 
his or her current health state. In addition, if it is the 
first visit or an emergency, the physician should 
register as much information as possible about the 
patient’s medical and family history. 

 
The three basic stages of the KE methodology of 

CommonKADS coupled with a modularised ontology design 
have been followed: 

 
1. Knowledge Identification – in this first stage, several 

knowledge sources were identified: the library 
described in [36] that specifies a set of medical 
concepts; the medical knowledge server Unified 
Medical Language System (UMLS) [37]; the Galen 
ontology [38] (from the OpenGALEN project); the 
International Classification of Diseases ICD-9-CM 
[39]; the EON ontology [40]; and SNOMED-CT [27]. 

2. Knowledge Specification – the reusable model 
components selected in the identification stage 
provide part of the specification. Taking into account 
the generic categories of medical knowledge proposed 
in [36] it is possible to obtain a domain ontology that 
has been broken down into several parts (ontological 
modules): Generic Patient, Tests, Findings, Clinical 
States Abstractions, Diseases, and Drugs.  

3. Knowledge Refinement – in this third stage, the 
resulting domain model is validated by simulations of 
clinical simulations (phase 1, see section 2), and more 
concepts from the UMLS Metathesaurus are added to 
the domain model. 

 

Diseases (see figure 3) – It consist of a hierarchy of 
pathology types structured by the ICD 9 CM [39]. 

Generic Patient (see figure 4) – it models: a) the 
information to record during each patient visit, and b) the 
activities that the physician performs with each patient. The 
physician also tends to perform a set of events, such as 
laboratory. These events have been modelled through “tests” 
from [36]. 

 

 
Figure 3.  The ontological module Diseases 

Tests (see figure 5) – In this research study, “tests” from 
[36] have been identified with “Health Care Activities”, 
which is a type of event from the UMLS server [37]. Under 
“Health Care Activities”, there is a hierarchy of procedures 
types that was made out of concepts from the SNOMED-CT 
[27]. Figure 5 shows the association defined between signs 
and procedures. The procedures are carried out according to 
a specific order, and they are intended to gather signs 
(objective evidence of the presence of a disease or 
syndrome). Grouping signs according to the body system 
structure facilitates their association with procedures, as one-
by-one associations become unnecessary. 

Findings (see figure 5 and 6) – Findings are subjective 
evidences (symptoms) or objectives (signs) of the presence 
of a disease or syndrome. Thus, the research presented has 
differentiated between findings and clinical state 
abstractions, exactly as they are collected in [36]. Clinical 
state abstractions describe evidences at a higher level of 
abstraction, as these are obtained from the findings by 
following some type of reasoning process.  
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Figure 4.  The ontological module Generic Patient
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Figure 5.  The ontological modules Tests and Findings 

 
Figure 6.  The ontological module Findings 
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Once domain ontology and application ontology have 
been obtained, the second objective is to express medical 
guidelines in an executable form compatible with EMRs 
(phase 2, see section 2). Section 4 and 5 show how the rule 
and task knowledge can be formally captured in SWRL and 
OWL-S respectively. 

IV. RULE KNOWLEDGE 
A definition of medical guidelines that is often cited is 

the one by [41]: “Clinical practice guidelines are systematic 
developed statements to assist practitioner and patient 
decisions about appropriate healthcare for specific 
circumstances”. 

To execute medical guidelines in a computer supported 
way, the medical knowledge embedded in guidelines that can 
be in plain textual form, in tables, or represented in flow 
charts, has to be formalised. Some guidelines can be 
formalised as sets of rules. 

In common with many other rule languages, SWRL [21] 
rules are written as antecedent-consequent pairs. In SWRL 
terminology, the antecedent is referred to as the rule body 
and the consequent is referred to as the head. The head and 
body consist of a conjunction of one or more atoms. At the 
present, SWRL does not support more complex logical 
combinations of atoms. 

SWRL proposes both the antecedent (body) and 
consequent (head) of a rule consist of zero or more atoms. 
Atoms can be of the form C(x), P(x,y), sameAs(x,y) or 
differentFrom(x,y) where C is an OWL DL description, P is 
an OWL property, and x, y are either variables, OWL 
individuals or OWL data values [42]. SWRL rules reason 
about OWL individuals, primarily in terms of OWL classes 
and properties. 

CommonKADS [16] also introduced the idea of multiple 
rule sets containing rules with similar structure. Taking this 
into account, the current research proposes to distinguish 
between 3 rule sets in typical medical referral guidelines: 1) 
ChiefComplain Rule set (related to activation of medical 
guidelines); 2) Manifestation Rule set (related to expected 
observations and findings); and 3) Recommendation Rule set 
(related to the clinical management advised). For example, 
the following text has been extracted from the medical 
referral guideline [43]: 

 
Red Eye 
 
If vision decreased/ pain/ 
Photophobia/ corneal staining/ 
perilimbal injection  
  

IMMEDIATE Referral 
 
Other cases use clinical judgement 
 
The medical knowledge embedded in the textual form 

mentioned above can be re-written as a set of 
Recommendation Rules in SWRL. One of them is the 
following: 

Patient (?x1) Λ Photophobia (?x2) Λ  
presentFinding (?x1, ?x2) Λ 
Patient_referral_to_specialist (?x3)  
  

associatedPriorities (?x3, Immediate) 
 
The V.A.F. Framework enables a bilingual use (English 

and Spanish). Figure 7 shows the above- mentioned SWRL 
rule from [43], which has been translated to Spanish, and 
then, loaded into the SWRL editor of Protégé [28]. 

 

 
Figure 7.  Snapshot of the SWRL editor of Protégé: example of 

Recommendation Rule in SWRL  

Not only rule sets containing rules with similar structure 
can be defined based on the evidence-based knowledge 
encoded within medical guidelines, the current research 
study also postulates that some medical background 
knowledge can be also encoded as rules with similar 
structure.  

To further illustrate how medical background knowledge 
can be also encoded as rules with similar structure: figure 8 
and 9 show examples of associations between diseases or 
syndromes (e.g. 373.0 Belpharitis; 371.2 Corneal edema; 
365.22 Acute angle closure glaucoma) and symptoms. Based 
on this, it is possible to define a Causal rule (figure 10) and a 
Manifestation rule (figure 11). Extrapolating this, to other 
associations between a disease or syndrome and a set of 
symptoms is possible to build a Causal Rule set (Causal 
model) and a Manifestation rule set (Manifestation model). 
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Figure 8.  Examples of associations between diseases or syndromes and a set of symptoms
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Figure 9.  Example of association between one disease or syndrome and a set of symptoms

The pattern to generate a Causal Rule set (Causal model) 
based on the association between diseases or syndromes and 
symptoms that appears in figure 8 is the following: 

 
Patient (?x1) Λ  
{argument 2} (?x2) Λ  
presentFinding (?x1, ?x2) Λ  
Pathology_ICD_9_CM (?x3) Λ  
hasAssociated (?x3, ?x2)  
 {argument 1}  (?x3) 

 
Similarly, the pattern to generate a Manifestation Rule set 

(Manifestation model) based on the association between 
diseases or syndromes and symptoms that appears in figure 8 
is the following: 

 
Patient (?x1) Λ symptom (?x2) Λ  
presentFinding (?x1, ?x2) Λ 
{argument 1} (?x3) Λ   
hasAssociated (?x3, ?x2) 
       {argument 2}  (?x3) 

 
The main advantage of the use of the above introduced 

patterns is to automate the generation of rule sets based on 
medical background knowledge. These rule sets, obtained 
from relevant associations, may be used as static roles by 
PSMs (see next section).   

 
Figure 10.  Snapshot of the SWRL editor of Protégé: example of Casual 

Rule in SWRL  
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Figure 11.  Snapshot of the SWRL editor of Protégé: example of 

Manifestation Rule in SWRL  

V. KNOWLEDGE-INTENSIVE TASKS 
According to [32], a Problem-Solving Method (PSM) can 

be characterized as follows: 
• A PSM specifies which inference steps have to 

be carried out for achieving the goal of a task. 
• A PSM defines one or more control structures 

over these steps. 
• Knowledge roles specify the role that domain 

knowledge plays in each inference step. There 
are two types of roles: a) static roles describe 
the domain knowledge needed by the PSM; b) 
dynamic roles form the input and output of 
inference steps. 

 
As it is summarised in [32], most approaches agree that a 

PSM consists of three related parts, describing: 1) what a 
PSM can achieve (the PSM’s competence); 2) how it 
achieves it (the PSM’s operational specification); and 3) 
what it needs to achieve it (the PSM’s requirements/ 
assumptions). 

CommonKADS [16] embraces the idea of having task-
methods (task template) catalogues, where one of the main 
advantages is to enable reusing “inferences”. In 
CommonKADS inferences form the building blocks for a 
reasoning process. 

According to CommonKADS [16], an inference 
structure is an abstract representation of the possible steps in 
the reasoning process. Figure 12 shows an inference 
structure for a simple diagnosis application that has being 

adapted from [16]. It should be noted the distinction that 
CommonKADS makes between an inference and a transfer 
function. This distinction is taken into account in figure 12, 
where 3 inferences (Cover; Predict; and Select) and 2 
transfer functions (Obtain and Present) appear. 

Nowadays, service-oriented approaches are gaining 
momentum. A Web service is a set of related functionalities 
that can be programmatically accessed through the Web [44]. 
To promote the re-usability of functionality while providing 
the necessary support to transform a document-based 
medical guideline into a computer-interpretable guideline, it 
is highly beneficial to adopt a Service Oriented Architecture 
(SOA) where interactivity and interoperability are enhanced. 
The V.A.F. Framework is built on the foundations that 
medical   guidelines need a common underlying functionality 
that could be addressed by allowing compositions of Web 
services into added-value Web services. 

The current research study uses the OWL Web Ontology 
Language for Services (OWL-S) [22] to formally capture the 
task knowledge. A service in OWL-S is described by means 
of three elements [22]: 1) the Service Profile describes what 
the service does; 2) the Service Process Model describes how 
to use the service; and 3) the Services Grounding specifies 
the details of how to access/invoke a service. It should be 
noted, the striking similarities between these three elements 
and the above-mentioned three related parts of a PSM. 

The current approach pays special attention to the Service 
Process Model because it includes information about inputs, 
outputs, preconditions, and results and describes the 
execution of a Web service in detail by specifying the flow 
of data and control between the particular methods of a Web 
service. The execution graph of a Service Process Model can 
be composed using different types of processes 
(AtomicProcess, SimpleProcess, and 
CompositeProcess) and control constructs. Control 
constructs define specific execution orderings on the 
contained processes. 

In medicine, diagnosis consists of observing a person 
who is ill and, as a result, determining what is wrong through 
reasoning and gathering new observations [45]. In terms of 
performing a differential diagnosis for ‘Acute Red Eye’, it 
should be distinguished between [46]: 1) causes of the 
painless red eye; and 2) causes of the painful red eye. 
However, a lot of general practitioners have difficulty to 
make a precise diagnosis.  

Thus, recommendations for obtaining a differential 
diagnosis of the ‘Acute Red Eye’ include to:  

 
1. Obtain carefully the set of symptoms that are elicited 

in the history of present illness. These symptoms 
(subjective evidences) have associated the possible 
diagnoses they represent. 

2. Perform a wise selection of ophthalmologic 
procedures. 

 
The inference structure showed in figure 12 is used to aid 

the differential diagnosis for ‘Acute Red Eye’. Examples of a 
Causal Rule from Causal model (see figure 12) and a 
Manifestation Rule from Manifestation model (see figure 12) 
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can be found in the previous section (see figures 10 and 11 respectively).  

 
Figure 12.  Inference structure for a simple diagnosis application (adapted from [16])  

In the current research study, a CommonKADS inference 
or transfer function is considered as an OWL-S 
AtomicProcess and implemented as a Web service, 
where the differences between an inference and a transfer 
function outlined in CommonKADS have blurred.  

The current research uses OWL-S to describe Web 
services and takes advantage of the OWL’s XML 
presentation syntax [47] to encode OWL [20] domain 
ontology fragments and SWRL [21] rule fragments as the 
inputs and outputs of Web services. In other words, this 
research study uses Web services that exchange documents 
with a XML syntax based on a OWL’s XML presentation 
syntax [47] and where a XML document contains OWL [20] 
domain ontology fragments and/or SWRL [21] rule 
fragments that are useful to be passed between the services 
and that may be needed by other components in the same 

workflow. Therefore, the approach presented outlines the use 
of the OWL’s XML presentation syntax [47] to obtain Web 
services that provide reasoning support and easily deal with 
facts and rules. 

OWL-S can be used to expose the combination of 
required activities as a modelling procedure that involves the 
control and data flow of OWL-S process models. Figure 13 
shows the control flow and data flow of a composite process, 
which is constructed from 4 atomic subprocesses, and that 
supports the relevant activities after eliciting a “new” 
symptom in the history of present illness. 

There is a correspondence between figure 13 and the grey 
area highlighted in figure 12, where two inferences (Cover 
and Predict) and one transfer function (Obtain) have been 
taken into account. The inference (Select) and the transfer 
function (Present), both outside of the grey area in figure 12, 
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have been included to make clearer the reasoning process to the clinicians (see next section). 

 
Figure 13.  Snapshot of the OWL-S editor of Protégé: control and data flow of an OWL-S process model 

VI. EXPERIMENTAL VALIDATION 
The ophthalmologic clinical domain ‘Acute Red Eye’ 

[46]: there are many causes of red eye, even in general 
practice. The principal characteristic features:  

• Most red eyes in general practice are not painful. 
• The acute, painful, red eye usually needs urgent 

referral to ophthalmology. 
• The very painful, red eye should be referred 

immediately. 
Some recommendations oriented to facilitate 

diagnosis of ‘Acute Red Eye’ have been provided 
[48]. These advices are focussed on helping to the 
physicians to: 

1. Distinguish appropriately between minor and serious 
causes. 

2. Encourage the GPs to treat minor problems 
themselves, as most cases are benign and can be 
managed efficiently by them, such as Conjunctivitis, 
Blepharitis; Subconjunctival Hemorrage; Episcleritis. 

3. Refer appropriately those cases that require 
ophthalmologic consultation, such as Acute Angle 

Closure Glaucoma, Keratopathy, Uveitis or Scleritis, 
which must be referred as soon as possible. 

 
As it was mentioned in section 2, two phases can be 

distinguished to foresee a suitable integration between 
the recommendations outlined above and EMRs:  

 
Phase 1 – this phase is devoted to obtain the domain 

ontology and the application ontology, so it will be 
possible to edit EMRs related to ‘Acute Red Eye’. In 
this phase, Web-based simulations of ontology-based 
applications are performed (see figure 14 and 17) 
where the different ontological modules described in 
section 3 are considered. The simulations aim to a) 
gather the information to record during each patient 
visit; and b) take into account the activities that the 
physician performs with each patient. Both figures 14 
and 15 show a selection of symptoms as they are 
selected by the end-user for the history of present 
illness. Both figures 16 and 17 show a report that is 
generated on end-user request to summarise the 
clinical information introduced so far for an 
anonymised medical record (clinical case). 
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Figure 14.  Selection of symptoms for history of present illness (English): simulation for ‘Acute Red Eye’ 

 

 
Figure 15.  Selection of symptoms for history of present illness (Spanish): simulation for ‘Acute Red Eye’
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Figure 16.  Summary report (English): simulation for ‘Acute Red Eye’

 
Figure 17.  Summary report (Spanish): simulation for ‘Acute Red Eye’
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• Phase 2 – this phase takes into account inference and 
task knowledge. As it was previously mentioned, the 
‘Acute Red Eye’ may need urgent or immediate 
referral to ophthalmology. Thus, in the medical 
referral guideline [43], ‘Red Eye’ appears as an adult 
condition where the presence of one or more findings 

listed lead to the recommendation of patient referral to 
specialist (ophthalmology).  In section 4 appeared the 
details of how the medical knowledge embedded in 
the textual form for ‘Red Eye’ can be re-written as a 
set of Recommendation Rules in SWRL. 

 

 
Figure 18.  ‘New’ symptom for history of present illness: simulation for ‘Acute Red Eye’

Figure 18 captures a simulation generated by the V.A.F. 
Framework to test if the medical knowledge modelled from 
the medical referral guideline [43], about the adult condition 
‘Red Eye’, captures appropriately what should be done in a 
clinical situation (patient’s health conditions) where “a 
patient requested to be attended by his family’s GP and 
relates that he presents photophobia and severe redness”. 

The current approach tries to not replicate knowledge or 
functionality unnecessary, and thereby, it was necessary to 
formulate a strategy to deal with the symmetries of the 
human body (i.e. left eye; left knee; left lung; etc and right 
eye; right knee; right lung; etc). 

In SNOMED-CT [27], for example, it is possible to find 
different ways to handle the symmetries of the human body, 
such as: 

• To replicate knowledge – It is possible to find 
concepts that only differ by their body location. For 
example, there are: ‘structure of pupil of left eye’ and 

‘on examination - Left eye rubeosis iridis’; as well as: 
‘structure of pupil of right eye’ and ‘on examination - 
Right eye rubeosis iridis’. 

• To use specific terms – There are terms that avoid 
indicating the precise location. For example: 
‘unilateral’ and ‘bilateral’ (unilateral visual field 
constriction; bilateral visual field constriction); or 
‘monocular’ and ‘binocular’ (monocular indirect 
ophthalmoscopy; binocular indirect ophthalmoscopy). 

 
The current research makes use of the SNOMED-CT 

concept ‘finding site’ to specify (locate) the part of the body. 
For example: ‘indirect ophthalmoscopy’ (has) ‘finding site’ 
‘right eye structure’ or ‘left eye structure’. Therefore, the 
amount of SNOMED-CT concepts can be substantially 
reduced as the replication of medical concepts that contain 
terms related to the body symmetries can be easily avoid. To 
illustrate this: there are 146 SNOMED CT concepts related 
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to ‘visual acuity’, 4 of them contain the term ‘binocular’, 54 
of them contain the term ‘right’ or ‘R-’, and another 54 
contain the term ‘left’ or ‘L-’.   

Typically, the button Reasoning Engine (figure 18 on the 
left) appears when the V.A.F. Framework has a 
recommendation. In the simulation captured by figure 18, the 
conditions specified in the antecedent of the 
Recommendation Rule that appears in figure 7 holds, then 
the conditions specified in the consequent (see figure 7) must 
also hold, and therefore, when the button Reasoning Engine  

is pressed, the V.A.F. Framework shows the trace of the 
reasoning process (in this case a primitive reasoning step) in 
another Web browser (right part of figure 18). 

The V.A.F. Framework envisions being useful for GPs as 
well as for specialised clinicians. Thus, the inference 
structure showed in figure 12 is used to aid the differential 
diagnosis for ‘Acute Red Eye’ [46] [48]. Figure 19 captures 
a simulation generated by the V.A.F. Framework to test if 
the medical knowledge modelled between knowledge 
engineers and clinical experts (see figure 2) captures 
appropriately what should be done in the clinical situation 
outlined in the summary report that appears in figure 17. 

 
 

 
Figure 19.  ‘New’ symptom for history of present illness: simulation for ‘Acute Red Eye’

Due to the possibility of replicating Web services that 
deal with a certain type of inference (basic reasoning 
process) as much as needed, it is possible to balance the 
workload generated by an increasing number of medical 
guidelines and patients. Thus, the results obtained so far are 
promising and the V.A.F. Framework is expected to be 
scalable for ongoing larger evaluation studies. 

To increase the clinicians’ confidence into the V.A.F. 
Framework’s recommendations, the button Trace shows the 

trace of the reasoning process in another Web browser. 
However, the initial inference structure used (grey area of 
figure 12) was extended to make clearer the medical 
background knowledge used for the reasoning services. 
Therefore, the transfer function (Present) and the inference 
(Select) were added to the OWL-S process model that 
appears in figure 13, which corresponds to the grey area 
highlighted in the inference structure of figure 12.
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Figure 20.  Reasoning trace: simulation for ‘Acute Red Eye’ 
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Another advantage of the use of the SNOMED-CT 
concept ‘finding site’ is to avoid replicating Web services 
unnecessary. To further illustrate this: when the initial 
inference structure showed in figure 13 (which appears 
highlighted in a grey area in figure 12) was extended to make 
clearer the reasoning process, the inference and transfer 
function added can be seen as a composite process, which is 
constructed from 3 atomic subprocesses (Present-Select-
Present). This composite process can be reused for the ‘right 
eye structure’ or ‘left eye structure’. Thus, the reasoning 
trace that is shown in figure 20 reflects that the composite 
process Present-Select-Present is executed twice: once for 
the ‘right eye structure’ (RE for short) and once for the ‘left 
eye structure’ (LE for short). 

The acceptability of the V.A.F. Framework is assessed by 
evaluation sessions with clinical professionals who are not 
familiarise with Semantic Web technologies. During those 
sessions, the Think-Aloud Protocol [49] was frequently used 
to gain an outline about the efficacy of V.A.F. Framework. 
So far the evaluations preformed comprise a small number of 
test users, although, larger evaluation studies are expected in 
the near future to promote massive testing and obtain a more 
detailed feedback. Two highlighted benefits that appear 
repeatedly in the evaluation sessions performed are: 1) the 
automatic provision of decision support while introducing 
clinical information in an EMR; and 2) provide 
recommendations quietly (the red button Reasoning Engine 
appears), so clinicians decide if they want to look up the 
recommendation made or not. 

It should be noted that the end-users are kept are un-
aware of the use of Semantic Web technologies as the 
Graphical User Interface remains simple (see figures 14 to 
19) and much of the complexity is hidden to the end-user to 
increase usability and promote the uptake.  

One indicator of the success and potential acceptability 
of the V.A.F. Framework is that the clinicians involved in 
the evaluation sessions sometimes forget that what they are 
seeing and interacting with it is just a simulation (an 
execution of the knowledge model) and no real system is 
behind. In other words, the look and feel of the simulations 
(see figures 14 to 19) could achieve a level of fidelity that is 
close to create the illusion of a health information system 
that is up and running.  

 

VII. CONCLUDING REMARKS 
 
The research line followed considers that medical 

guidelines based on sound scientific evidence can contribute 
to improve the quality of healthcare, increase patients’ 
safety, and even reduce the costs of care. However, the 
transformation of a document-based medical guideline into a 
computer-based decision support is a time-consuming and 
error-prone activity. 

The current research study is aligned with other research 
studies that aim to take advantage of both the 
CommonKADS methodology and Semantic Web 
technologies (OWL, SWRL, and OWL-S). 

The V.A.F. Framework presented here promotes re-
usability of functionality; follows a service-oriented 
approach; and outlines the use of OWL’s XML presentation 
syntax to obtain Web services that provide reasoning support 
and easily deal with facts and rules. 

The current research study considers the existing gap 
between modelling ontologies and implementing ontology-
based applications, and proposes simulations as a way to 
validate the knowledge model and reduce the overwhelming 
cost of deploying and developing pilot health information 
systems where a wide spectrum of medical guidelines 
(including the ones related to common non-life-threatening 
conditions) and Electronic Medical Records (EMRs) are 
fully integrated. 

Based on the experiments conducted so far, the major 
benefits of the V.A.F. framework are:  

 
1. To provide the necessary support to transform a 

document-based medical guideline into a computer-
interpretable guideline; and   

2. To enable experiments (simulations of clinical 
situations) that allow overcoming the main barriers 
mentioned in [26] to successfully expressing medical 
guidelines in an executable form compatible with 
EMRs. 

 
The acceptability of the V.A.F. Framework is assessed by 

evaluation sessions with clinical professionals who are not 
familiarise with Semantic Web technologies. Although these 
sessions involved a small number of clinicians, the feed-back 
received is positive and two main advantages have been 
highlighted: 

 
1. The automatic provision of decision support while 

introducing clinical information in an EMR; and  
2. Provide recommendations quietly (the red button 

Reasoning Engine appears), so clinicians decide if 
they want to look up the recommendation made or 
not. 

 
During the evaluation sessions with clinicians, it was 

observed that the look and feel of the simulations  
(executions of the knowledge model) could achieve a level of 
fidelity that is close to create the illusion of a health 
information system that is up and running. This is very 
promising, as the V.A.F. Framework was conceived to 
reduce the overwhelming cost of deploying and developing 
pilot health information systems. 
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