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Abstract 

 

 

 

 

The use of sensor networks and their applications are becoming widely adopted in a large range of 

domains. At the same time, the interoperability between sensor networks and their applications is 

arising as a significant requirement at the semantic level, impelled by the ever-increasing demand for 

the reuse and evolution of existing sensor networks (SNs) as well as sensor-enabled applications (SAs). 

The objective of this project is to improve the semantic interoperability between SNs and SAs through 

an ontology-based approach.  

Situated in the Remote Patient Monitoring (RPM) domain, the research focuses on both the domain 

ontology design (e.g. what are the concepts and their relationships that form the foundational vehicle 

for semantic interoperability) and its architecture (e.g. how can such an ontology becomes an integral 

part of the system) into a generic, loosely coupled and open SA/SN platform. Integrated into a legacy, 

android-based sensor platform and employed as a knowledge base for improving semantic 

interoperability among system components, the domain ontology enables a flexible, open and 

extendible platform, which not only supports easy configuration and connection to sensor devices, but 

also provides carriers for applications. In this thesis, by extending the traditional “4+1” views 

approach with an additional view that represents the semantic perspective to the architecture, the 

overall system design is presented comprehensively.         

The study indicates that the ontology-based approach provides better semantic interoperability than the 

traditional data models used in the relational database.  
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1. Introduction 

Nowadays, billions of mobile devices exist which can act as sensors, complemented by an even larger 
number of fixed sensors [1], monitoring fixed and dynamic entities (buildings, cars), physical, financial 
and administrative processes (chemical industry, banking, cargo transports), events and states (traffic, 
environment) and humans alike (self-assessments, group behaviour). However, the sensor data collected 
by these devices will be unavailable for future usage, if the prior knowledge required for interpreting 
them into meaningful observations is lacking. The required prior knowledge includes not only the 
metadata (such as the type of the data), but also the context to the data. The implicit use of prior 
knowledge can be liberated by achieving interoperability at semantic level. As the most important 
concepts used in this thesis, the following definitions of different levels of interoperability are adopted . 

Syntactic Interoperability 
“The ability of information systems to exchange information with standardized structured formats for 
messages and control commands.” [71] 

Semantic Interoperability 

“The ability of information systems to exchange information on the basis of shared, pre-established 
and negotiated meanings of terms and expressions.” [24] 

A number of layered views to represent the different levels of interoperability are available [63] [71] [72]. 
Similar to the one proposed in [63], a layered view on interoperability for the remote patient monitoring 
(RPM) domain sensor system is shown in Figure 1.1. The syntactic interoperability is a necessary 
condition for the semantic interoperability, since the syntax can be considered as the grammar to convey 
semantics [63].  

 

Figure 1.1 Levels of interoperability for RPM sensor system 

The definition of semantic interoperability indicates that it requires an explicitly defined semantic 
specification of the domain knowledge. For this reason, ontology-based approaches are widely adopted as 
a way of achieving semantic interoperability [2] [23]. The term “ontology” originally came from 
philosophy, and now has been applied in many other domains. An ontology is a formal, explicit 
specification of a shared conceptualization of real-world phenomena [7], while the conceptualization is an 
abstract, simplified view of the world that we wish to represent for some purposes [25]. In this thesis, an 
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ontology-based approach and architecture are adopted from [26] with the aim to provide for a loose 
coupling between sensor networks and sensor applications. The ontology used in this approach will be set 
in the RPM domain and it is going to be built with concepts regarding both examinations and 
measurements. A case of the RPM domain is studied in this project. Through this case study, we intend to 
show that the adopted approach can fulfil its role in an actual sensor network system. 

This chapter provides an overview of the master project. First, it introduces the context and background 
related to the problem domain. After the problem description, the goals to be achieved towards the 
research problem are presented. Next, the foundational research questions to be solved in this study are 
identified, followed with the adopted approach for seeking the answers of these questions. Then, the 
personal contributions to this project is summarised. At the end of this chapter, an overview of this master 
thesis is given to aid further reading. 

1.1 Context and Background 

Sensor networks are highly developed in many technical aspects, such as functional performance, power 
efficiency and communication protocols. These advanced features promote the widely deployment of 
sensor networks (SNs) and development of sensor applications (SAs) that use the data provided by the 
sensor networks. However, these SNs and SAs are developed as stovepipes from the system perspective, 
which means the SNs and SAs are tightly coupled in their development phase, e.g., applications are 
developed based on specific types of sensor devices. This impedes reuse and evolution of existing sensor 
networks and their applications.    

Reusability is an important feature for sensor networks and their applications and it will bring several 
benefits [60]. Firstly, economical aspects such as time and costs related to the development of sensor-
application systems can be improved, since existing components can be reused or exchanged with 
functional identical however technically different sensors. Secondly, the operational costs will also 
decrease. For example, if two applications can work on the same sensor network, instead of employing 
their own, then the maintenance cost will be much lower. Another benefit is that open and standardised 
sensor networks would drive innovations, both in technical aspects of the sensor networks and regarding 
novel uses of the data in the application domain. Besides these general benefits, some domain specific 
ones can be identified [61]. In our case, considering the RPM domain, applying body area sensor 
networks, the reuse of sensor networks will improve the degree of comfort, since the number of mounted 
devices remains limited. An example of reuse in this domain can be considered as an application that 
detects atrium fibrillation and an application that detects epilepsy seizure, which use the same sensor for 
collecting the Electrocardiograph (ECG) data. Meanwhile, for similar reasons, reuse of sensor 
applications, using different sensor networks is also beneficial.  

The capability of runtime evolution is also an essential requirement for sensor networks and applications, 
especially for those burgeoning domains. The sensor-application systems should be able to evolve 
without significant design time. For example, body area sensor networks are not only used in healthcare 
applications but also in lifestyle and entertainment applications. More and more new demands and 
requirements that are emerging for such systems require the capability of runtime evolution. 
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1.2 Problem Description 

The aforementioned issues are caused by the tight coupling between the sensor networks and their 
applications. This tight coupling emerges during the development phase when prior knowledge about the 
generation of the sensor data is implicitly driving their interpretation components. In this way, the 
dependence on the prior knowledge becomes the invariable glue that tightly couples the sensor networks 
to their applications. The inability of eliminating this dependence on this implicitly used prior knowledge 
highly limits the reusability and evolution of the SNs and SAs.  

1.3 Project Goals 

The main goal of this project is to improve the semantic interoperability among sensors, services and 
applications in the RPM domain. This goal is achieved and verified through the design, implementation 
and testing of a semantic interoperable RPM domain Body Area Sensor Network (BASN) platform, 
named Vitruvius platform version 2 (Vitruvius-2). The Vitruvius platform focusses on a seamless 
connection of sensor devices, external applications and services. In order to achieve this goal, the 
following interoperability issues need to be addressed and resolved: 

• Syntactic interoperability: Service oriented components connectivity (establish communication 
mechanism among system components) 

• Semantic interoperability: Configurable sensor deployment in terms of metrological and 
examinological concepts (achieve explicit sensor knowledge modeling) 

• Semantic interoperability: Application-to-sensor interoperability founded on metrological and 
examinological concepts (achieve mapping between local knowledge and domain knowledge) 

1.4 Research Questions 

For achieving the goal of this research, the following research question has been posed: 

How can semantic interoperability among sensors, services and applications in the remote patient 
monitoring domain be improved? 

Guided by the main research question, a number of sub-questions are addressed in this study. 

• What are the reasons that hinder the semantic interoperability between sensors and applications? 
• What approach can be used to remove these hindrances?  
• How can an ontology be designed and used as the semantic specification in the remote patient 

monitoring domain? 
• How to unite such ontology with a traditional sensor platform to improve the semantic 

interoperability?    

1.5 Approach 

The research approach used to seek the answers to these questions can be divided into a number of steps. 
The first step is to give an overview of the existing Vitruvius platform for locating the semantic 
interoperability problem. This ensures the Vitruvius platform is suitable for our problem domain. Then 
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we adopt an ontology-based approach for solving the semantic interoperability problem. Its state of the art 
is studied and applied to a new system design.  

Driven by the design, the implementation will address two aspects. First, as the knowledge-base of the 
new platform about the Remote Patient Monitoring (RPM), the domain ontology is designed and 
implemented. Second, the Vitruvius-2 platform is implemented, which embeds the use of the domain 
ontology component for achieving the semantic interoperability. 

At last, the solution is tested in an actual system setup, evaluating its improvement over the previous 
version of the platform with regards to semantic interoperability.         

1.6 Contributions 

An architecture is proposed for evolving the existing Vitruvius sensor system to an ontology-based 
semantic sensor system, namely the Vitruvius-2 system.  

The implementation of the Vitruvius-2 system is accomplished through this project, which contains a set 
of system components. Specifically, the following contributions have been made during the period of this 
project.  

• The design and implementation of a domain ontology based on Examinology and Metrology, and 
implemented in web ontology language (OWL). 

• The design and implementation of the Vitruvius-2 platform on the Android platform, which 
integrates with the domain ontology through the OWL API [43]. The legacy Vitruvius platform 
already supported dynamic loading of new devices and services as plug-ins, however it does now 
without prior anticipation about available type of sensors, their characteristics and what their data 
represent. Furthermore, the platform provides the capability to (re)configure the device at runtime. 

• The implementation of two device mappers for the Shimmer sensor device and the DTI-2 device. 
The device mapper provides an interface to transform between the local ontology of the device’s 
driver and the domain ontology. It provides the communication between the device and other 
system components both syntactically and semantically.  

• The implementation of application/service mappers such as the mappers of the visualization 
application and the ECG2RR service. It enables the communication between the 
applications/services and with the other device’s mappers based on the domain ontology. 

1.7 Structure of the report 

Following our approach as described in 1.4, the document is structured as follows:  

In Chapter 2, the state of art in semantic sensor networks are presented, followed with the analysis and 
comparison of the related works.  

Chapter 3 reviews the existing system architecture, the ontology-based approach that was adopted for 
solving our research problem and the architecture of the new ontology-based system. 
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Chapter 4 and Chapter 5 together provide the design phase of this project. Chapter 4 refers to the design 
of the domain ontology. Then the design of the system to apply this domain ontology is introduced in 
Chapter 5. 

Chapter 6 describes the evaluation of the design and the implementation of the Vitruvius-2 platform.  

At last, Chapter 7 gives some conclusions and future works.    
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2. State of the Art 

In this chapter, the state of the art about subjects that related to this research topic will be presented. First, 
the current situation of the semantic sensor networks and their underlying semantic representations are 
studied by reviewing the most related research publications. Then some of the related works are analysed 
and compared with our solution. 

2.1 Semantic Sensor Network  

The definition of sensor in ‘International vocabulary of metrology – Basic and general concepts and 
associated terms (VIM)’ [30] is based on the definition of other concepts defined in it, such as the 
‘measuring system’. In this thesis, we combine the definition of the related concepts defined in VIM to 
give a concise definition of sensor, where a sensor refers to a physical device that measures a physical 
quantity and produces a series of measured values of this quantity. 

Sensor networks are developed to facilitate larger and/or wider scope monitoring. Typically, sensor 
networks consist of a set of sensor nodes, which are also called sensors occasionally [45]. The sensor 
nodes are devices with attached sensors and associated devices, e.g., a Shimmer sensor device that is used 
in this project contains an accelerometer, an ECG sensor, a communication unit and a battery unit. 
Meanwhile, the sensor network itself may be constructed from a heterogeneous collection of sensor nodes 
[44], e.g., the RPM sensor network developed in this project deploys the Shimmer device and the DTI-2 
device. The heterogeneity of the sensor nodes increases the difficulties of system interoperability, both 
syntactically and semantically. 

A number of standards are developed [38] for improving this heterogeneous situation. Nevertheless, they 
are more successful in solving the syntactic interoperability problem (e.g., the interface or the 
communication mechanism among system components) than filling the semantic gap (e.g., domain 
concepts and data incompatibilities). For example, the SensorML [32] and Device Description Language 
(DDL) [33] standards mainly pertain to the connectivity (i.e. control, access and syntax of the sensors and 
their data) and therefore fall short in supporting semantic interoperability [38] (e.g. the data can be 
transferred, but cannot be used correctly without human interpretation).  

Semantic technologies are often employed as important components of complex, cross-jurisdictional, 
heterogeneous, and dynamic information systems [1]; for example, the success of the Semantic Web. For 
this reason, semantic sensor networks have been proposed as part of the solution to deal with the 
difficulties of installing, querying and maintaining complex and heterogeneous sensor networks [44]. A 
semantic sensor network is defined in [44] as the sensor network that uses declarative descriptions of 
sensors, networks and domain concepts to aid in searching, querying and managing the network and data. 
Different from the Semantic Sensor Web [46], which is based on the Open Geospatial Consortium’s 
(OGC) Sensor Web Enablement (SWE) standard [47], the general term semantic sensor network does not 
rely on any device standards. This indicates not only the resulting sensor data are supported by the 
semantic definitions, but the physical networks also have explicit semantic specifications.  
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2.2 Semantic Representation 

A semantic sensor network system requires declarative specifications of its components, which contains 
the physical sensing device, the processing service, the communication mechanism and the domain 
knowledge, etc. [48]. The semantic specifications provide the ability of enhanced queries for discovering 
structured information out of the sensor network.  

An ontology is used to represent explicit and machine understandable real world conceptualizations [49]. 
It fits in the position as an adequate methodology to model the semantic specifications of sensor networks 
[48]. In computer science and information science, an ontology formally represents knowledge as a set of 
concepts and the relationships between those concepts, while it could be represented using different 
formalisms, such as OWL and F-logic. The details of ontology representation in the field of computer 
science will be discussed in Chapter 4.  

The survey presented in [44] reviews and analyses eleven sensor ontologies. It shows that ontologies for 
sensor networks can be classified into three perspectives: the sensor perspective, the system perspective 
and the measurement perspective. The sensor perspective refers to different sensor types, sensor 
properties (e.g., sampling frequency) and other information related to the physical device, while the 
system perspective focuses on the components of a sensor system and how those components are 
organised, namely the structure of the system. The measurement perspective covers the concepts related 
to measurement and data (the measurement result).  

Based on the result of [44], the Semantic Sensor Network Ontology (SSNO) is developed and introduced 
in [48], which has been used for a focus on a combination of these perspectives, except for replacing the 
measurement perspective to the observation perspective. For the observation perspective, instead of using 
the international agreed conceptualisation about the science of measurements, the Stimulus-Sensor-
Observation (SSO) ontology design pattern [53] is applied in SSNO. Furthermore, as a means to refine 
and improve the ontology skeleton and make it easier to integrate with other ontologies, the SSNO is 
aligned to the DOLCE [52] upper ontology, which contains the general concepts of Entity, Object, etc. 

The ontology-based approach that is adopted in this study has been proposed by [26], called the 
ContoExam ontology, which set its foundation on ‘Examinology’ and ‘Context’. Since the ‘Examinology’ 
is recognised by [51] as “the science of examinations, comprising both nominal Examinology and 
Metrology”, the ContoExam inherits the ability of expressing both nominal properties and quantities, 
where nominal properties are properties without magnitude (e.g., blood type) and quantities are properties 
that have magnitudes. Besides, by conforming to VIM [30], the ContoExam has the expressive power for 
separating the physical sensing device and the measurement model (e.g., a computational process), which 
is not possible in SSNO.    

2.3 Related Works 

The works of this research involve and unite two separate domain of study, the concept modeling and 
semantic sensor network architecture. The semantic sensor network architecture refers to the sensor 
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network architectures that are embedded with the semantic specifications. This section reviews and 
compares some of the related works for each domain. 

2.3.1 Concept Modeling 

Several standard vocabularies are developed to solve interoperability problems within a specific domain, 
for example, the VIM as proposed in [30] and the OpenEHR [31] that has been developed for the 
electronic health records domain. Our ontology partially reuses the concepts as defined by these 
terminologies, which are related to the RPM domain. However, the major difference between our 
ontology and these standards is that our ontology contains advanced relationships between terms, and is 
also enhanced by additional information provided by rules and axioms. In contrast, the VIM can be 
considered as a taxonomy, which is classified in appendix A, and openEHR is a standardized information 
model that restricts the knowledge to a unique representation.   

Based on VIM, the QUDT [40] ontologies, and derived XML vocabularies are being developed by 
TopQuadrant and NASA. As indicated by its name, “Quantities, Units, Dimensions and Data Types”, the 
QUDT ontologies are focusing on providing a unified model of measurable quantities, units for 
measuring different kinds of quantities, the numerical values of quantities in different units of measure 
and the data structures and data types used to store and manipulate these objects in software. These 
ontologies can be reused in our ontology to present a part of the knowledge on sensor measurements. 

The SSNO mentioned in the previous section is aligned with the SSO to obtain the ability of expressing 
observations. However, the SSO ontology design pattern does not distinguish the different types of 
observation properties, as performed in the ContoExam ontology. The distinction of nominal property and 
quantity enable the reuse of existing standards, such as the VIM, which is limited to use with quantities. 
Also this distinction further improves the expressiveness of the ontology, for example, by specifying a 
property to be nominal, it becomes clear that it is meaningless to perform a mathematical calculation on 
this property.  

2.3.2 Semantic Sensor Network Architecture 

A number of architectures have been proposed for the semantic sensor networks. A few of them focus on 
the data aggregation and processing in sensor networks, such as [54] and [55]. Although [54] introduces a 
processing layer between the semantic layer and the sensor network layer to alleviate the workload of the 
sensor network, both approaches apply the Semantic Web technologies as a layer beyond the original 
sensor networks. These approaches avoid the work of modeling semantic specifications of the sensor 
networks by only modeling the data perspective. However, the lack of semantic specification of sensors 
will restrict the potential of the semantic sensor networks, such as the ability of supporting application 
specific sensor configuration provided in this study.     

The semantic sensor network architecture discussed in [44] employs three-tier architecture. Similar to our 
architecture, it consists of the sensor and data layer, the processing layer, and the application layer. This 
architecture identifies semantic specifications in each of these functional layers; however, these semantic 
specifications are from the same abstraction level. Although the semantics is explicitly defined, the 
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complexity of mapping hinders the semantic interoperability. For example, when introducing a new 
sensor, its semantics should be mapped to both the processing layer and the application layer. Our 
solution can be distinguished from this by separating the semantic specifications into different abstraction 
layers, which is orthogonal to those functional layers. Then by achieving the semantic interoperability in a 
higher abstraction level, namely the domain level, the mapping process will be simplified. For the same 
example, instead of making two independent mappings, we only need to map the semantics of the new 
sensor to the domain level.  

  



 

Department of Mathematics and Computer Science 
Eindhoven University of Technology Page 18 

 

3. System Architecture Overview 

This chapter introduces the architecture of our system. First, an overview of the previous Vitruvius 
system is given in Section 3.1. Then, Section 3.2 reviews the ontology-based approach that is adopted for 
improving the system semantic interoperability. Finally, the ontology-based system architecture is 
proposed in Section 3.3.     

3.1 Previous System Overview 

3.1.1 System Architecture 

The Vitruvius system is part of the outcome of the Vitruvius project, which is aiming at exploring the 
underlying key consequences for the architecture of Body Sensor Networks (BSN) and handling the 
human body information. The connection of the privacy-sensitive “body state” to a rapidly evolving 
landscape of services, is the key theme of the project [3]. The underlying needs for the semantic 
interoperability in the Vitruvius project perfectly fit into the problem domain of our study. 
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Figure 3.1 Architecture of the Vitruvius System 

A simplified version (emphasis on those most relevant components) of the current VITRUVIUS system 
architecture [4] is presented in Figure 3.1 and briefly introduced here. It consists of a body sensor network 
and a back-end server. The body sensor network consists of a number of sensor nodes and the body hub. 
The body hub performs as the base station of the sensor network and can collect data from the sensor 
nodes through a personal area network (shown as PAN in Figure 3.1, e.g., Bluetooth). The collected raw 
data can be processed by services (components shown in dark-green) to provide refined data. For example, 
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a heart-rate monitoring service can detect the heart-rate from the raw ECG signals provided by the ECG 
sensor. At the next functional layer, the application components (shown in orange) may either use the raw 
data provided by the sensors or the processed data provided by the existing services (e.g., the heart rate 
monitoring service). Another system component is the Configuration Manager, which handles the 
installation of new applications and services, such as creating database tables for them.     

Two types of system components are used in our system: the service and the application. In order to 
distinguish these components explicitly, an application is defined to be a program component with a user 
interface, while the service is a program component without user interface that can perform operations in 
the background to supply functionality for other applications. Both the applications and the services may 
operate on the database and/or connect to the back end server. A service can be a single operation, like the 
one providing the heart-rates from the raw ECG signals. An application can combine several services 
together to achieve its functionality. It could also be the case that several applications are sharing the data 
generated by a same service. For example, an application that facilitates the user to monitor his daily 
health conditions and an application that monitor the training status of an athlete share the data generated 
by the same heart-rate monitoring service. 

Also, we can classify the components into producer and consumer components. The producer produces 
data that can be consumed by the consumers. According to this, the sensor driver component is 
considered as the producer, the service is considered as both the consumer and the producer, and the 
application is considered as the consumer. 

A relational database (the light-green component) is deployed as the central database of the system for 
providing data storage and data sharing among other system components. To provide consistent data 
sharing and data access control, the publish-subscribe pattern [6] is employed. The use of a central 
database makes the data access control less complex. However, frequent modifications to the database 
might make the central database a bottleneck that degrades system performance. 

From the semantic point of view, the system uses a simple “inchoate” ontology that is realized by a set of 
database tables, which specifies the prior knowledge of the system components (e.g. sensors). The 
aforementioned data and services are interoperable among different system components. Here the term 
“inchoate” is used, since essentially it is just a simple controlled vocabulary as defined in Appendix A, 
which only contains several pre-defined terminologies. In contrast with simple controlled vocabularies, 
ontologies are a kind of relational controlled vocabulary that support the definition of the relationships 
between terms (e.g., “ECG Sensor” is a kind of “Sensor”), and provides a way to specify the rules or 
properties for terms (e.g., the “Default Posture” for an “ECG Examination” should be “Sitting”) [28].  

As described in [4], the Vitruvius system is designed to be able to 1) handle dynamic deployment of 
applications and services, 2) share data among multiple applications, 3) support different sensors and their 
configurations. The use of implicit semantics (the inchoate ontology) in the Vitruvius system design can 
only partially fulfil these system requirements. For example, the dynamic deployment of application and 
services requires the system to have an understandable way of metadata representation, which can be 
achieved only by modifying the central database tables. Meanwhile, the data sharing among multiple 
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applications also requires prior knowledge of the metadata, which has been considered available in the 
development phase of those applications. At last, the previous Vitruvius system architecture can only 
handle limited kinds of sensor devices. 

3.1.2 System Deployment 

The physical configurations of the Vitruvius system are shown in Figure 3.2. The Android 
implementation of the Vitruvius architecture is used as an example in this system overview, other 
implementations could also be available (e.g., PC version).  

BackendsBSN

Backend server 1
(e.g. Vitruvius server)Philips 

wristband

Body hub 
(Android smartphone)

Shimmer ECG / Accel.
Upload data

Download services/apps

Backend server 2
(e.g. Stress@Work server)

Upload / synchronize dataVitruvius 
Platform

 
Figure 3.2 Vitruvius system overview 

All the software components of the Vitruvius system are available on the Vitruvius server, which can be 
connected from the body hub via an Internet connection. The deployment of these software components 
on the Android devices is similar to the normal Android application installation. After the Vitruvius 
system is properly installed and configured, the body hub will be ready to connect to the available sensor 
devices via the Bluetooth connection. The body hub can also connect to the backend systems (e.g., a 
hospital) for the purposes of system reconfiguration, application download, and data reports (e.g., 
uploading collected data or sending alarm messages). 

3.2 Ontology-based Approach 

As introduced in the previous chapters, ontologies represent a common understanding about the concepts 
deemed relevant for the application domain. This section reviews the ontology-based approach [26], 
which is adopted to achieve semantic interoperability for sensor systems in the RPM domain. In this 
approach, two architectural principles are introduced, and applied at the semantic level: separation of 
concerns and transparency. They will be explained in conjunction with the architectural design of this 
approach that is given in Figure 3.3. For simplicity, Figure 3.3 only shows a simplified architecture of the 
original approach [26], since its other parts are not relevant in this study. 



 

Department of Mathematics and Computer Science 
Eindhoven University of Technology Page 21 

 

Applications

Application Layer Service Layer

Services

Sensor Layer

Local DataLocal Data

Sensors

Local Data

Ontology 
Mappers

Ontology 
Mappers

Ontology 
Mappers

Domain Ontology

ExaminologyContext

Ontology Model

Component 
Independent Ontology

Component 
Dependent Ontology

Repository Schemata

ContoExam

 

Figure 3.3 Architecture of Semantic Interoperability 

A. Separation of Concerns 

In software engineering, separation of concerns (SoC) is a design principle that refers to decomposing a 
software system into parts with as minimal dependencies as possible [39]. In [26], it was extended and 
specialized into two separate aspects, the functional SoC and the semantic SoC.  

As it is shown in Figure 3.3, the functional SoC is represented by the three vertical columns, namely the 
sensor layer, the service layer and the application layer. The semantic SoC is represented by the four 
horizontal layers. The functional SoC takes care of the functional design of a system, while the semantic 
SoC simplifies the work in achieving the semantic interoperability. This is because the semantic SoC 
enables us to separate the semantics into layers with different levels of abstraction; semantic 
interoperability can then be achieved at a higher abstraction layer, where less heterogeneous concepts 
exist than at lower abstraction layers. The different semantic layers are described as follows: 

• The repository schemata, which reside in the lowest layer, represent semantics concerning the 
underlying data. The inherent semantics is fully settled in their design and development phase, 
which can be considered as an unavoidable fact. For example, the ‘SELECT’ statement in SQL 
represents the semantics of retrieving data from a database.  

• The second semantic layer holds the component-dependent ontology, which represents the 
semantics that enables the management, monitoring and control of all the operations on the data. 
The component-dependent ontology is an abstraction from the previous layer, so that a uniform and 
internal consensus about its local data is provided to the component. Also it optionally provides a 
representation of the concepts that are used in the component. The component-dependent 
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ontologies can be inchoate since they may only contain several pre-defined terminologies and 
directly relate to a data model. For example, an application component defines a ‘getEcgData()’ 
method, which can be used to read ECG data from either a database or from the results of a HTTP 
request. In this example, the ‘getEcgData()’ is a semantic abstraction of the ‘SELECT’ statement in 
SQL and the ‘get’ request in HTTP, also it contains the local semantics of the ‘ECG’. 

• The third layer represents the component-independent domain ontology and is responsible for 
representing the domain-specific knowledge within the intended universe of discourse (UoD). In 
our case this ontology is set in the RPM domain. An example of the semantic representation in this 
layer is described in the next chapter as the domain specific ontology. 

• The ontology model layer at the fourth layer, refers to a carrier that is capable of formulating those 
shared concepts. This layer concerns providing a stable, semantically appropriate foundation that 
describes the ontological commitment to the domain-relevant state of affairs in the world [26]. The 
semantics conveyed in this layer is an abstraction of different domain ontologies from the previous 
layer, namely the domain generic ontology or the upper ontology. An upper ontology is an 
ontology which describes very general concepts that are the same across all knowledge domains, 
such as the ‘Entity’ and ‘Object’ defined in the DOLCE upper ontology [52]. Then the domain 
specific ontology can be derived from constraining this domain generic ontology by the domain 
specific vocabulary. An example of the semantic representation in this layer is described in the next 
chapter as the domain generic ontology.  

The ultimate aim of this semantic SoC is to provide a way of modeling accurate and consistent domain 
ontology, which is used to achieve the semantic interoperability at the domain level. As indicated at the 
end of Chapter 2, achieving the semantic interoperability at this level simplifies the mapping process. 

The ContoExam ontology proposed in this approach contains domain generic ontology, which can be fit 
into the ontology model layer. Then, by customizing the domain generic language with RPM domain 
vocabularies, the RPM domain specific ontology can be defined. Both of them will be introduced in 
Chapter 4. 

B. Transparency 

With semantic SoC, different semantic layers are identified, which clarifies that the semantic 
interoperability is designed to take place at the component-independent layer. Currently, although the 
semantics can be shared with the help of domain ontology, it is still not clear how interoperability with 
minimised mutual dependence can be achieved. This is why the principle of semantic transparency is 
introduced. 

Similar to the service transparency in service and object orientation, [26] defines the semantic 
transparency as the characteristic that the external world is unaware about how each component 
establishes appropriate local semantics from a globally shared conceptualisation (the domain ontology). 
The word ‘appropriate’ is used to reflect the fact that each component will use their own interpretation of 
a domain conceptualization on behalf of their own purpose. More pragmatically, this indicates that how 
the semantics is represented will remain transparent for other components.  
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This is where the ontology mappers in Figure 3.3 come into play: To become agnostic from local 
syntactical and structural representations on connecting the local concepts to shared global concepts. Also, 
the local semantics should be maintained by appropriately interpreting it into the domain ontology. This 
requires the domain ontology to embody a comprehensive knowledge of all the component-dependent 
ontologies. 

The different layers and concepts mentioned in this approach will be applied to the Vitruvius-2 system in 
Section 3.3. 

3.3 Ontology-based System Architecture 

Based on the previous architecture of the Vitruvius system, we propose an ontology-based architecture. 
The employed ontology is set in the domain of RPM, in which the related terminologies are formally 
defined [65] [66]. The ontology can be regarded as a vehicle that uniforms the data that originate from 
different system components into a universal understanding. Hence, interoperability among system 
components can be achieved at semantic level. The details of the domain ontology will be introduced in 
next chapter. 

Two architectures are proposed in this study, which are distinguished by their different communication 
mechanisms. One uses a centralised database for data sharing among different components, while another 
uses message-based communications, as shown in Figure 3.4(a) and Figure 3.4(b), respectively. 
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(a) Architecture with centralised data store                           (b)  Architecture without the centralised data store 

Figure 3.4 Ontology-based System Architecture 

In both solutions, the system architecture conforms to the three tiers architecture, which contains the 
sensor layer, the service layer and the application layer. Moreover, both architectures introduce the 
ontology mapper components from Figure 3.3. As introduced in Section 3.2, the ontology mappers are 
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responsible for mapping the local syntax and semantics to the global ones. In this case, “local” refers to 
the syntax and semantics that are used in each application, service and sensor, and “global” refers to the 
syntax and semantics that are specified in the system (e.g., the domain ontology specifies the global 
semantics). 

A. Architecture with the centralised data store 

In Figure 3.4(a), the centralised database is retained in this design. However, instead of using the 
relational database, an ontology database is employed. Theoretically, the ontology database will store data 
together with their respective meanings, which is represented as domain ontology. So by conforming to 
the domain ontology, all system components that access this database should be able to understand and 
reason on the contents of the database, which achieves the semantic interoperability that we are seeking 
for. Here conforming to the domain ontology does not mean that the application or service should be built 
through possessing prior knowledge of the domain ontology, although that will make life easier. Instead, 
an ontology mapper is developed for each component to achieve this goal. All the mappers are 
implementing a generic mapper design, which simplifies the mapper developing process. 

For instance, consider an application that in the previous Vitruvius architecture used an SQL query for 
acquiring data from the relational database. In the new architecture, from the syntactic perspective, a 
mapper transforms the SQL query format into a new query format (e.g. SPARQL [50]), which can be 
used to query the ontology database; from the semantic perspective, the mapper maps the concepts 
represented by local terms to the same concepts but represented by the terms defined in the domain 
ontology. For example, an application uses the term ‘GSR’ to represent skin conductance in the previous 
system. A mapper in the Vitruvius-2 system will map the ‘GSR’ to the term ‘Skin Conductance’, which is 
used in the domain ontology to represent the same concept. The example is shown in Figure 3.5. 

 
Figure 3.5 Example of a mapping process 

The use of the centralised database simplifies the data sharing mechanism, but it also brings some 
technical issues. Firstly, a large number of concurrent accesses from multiple components to the 
centralised database may cause a performance issue (e.g., bottleneck) [4]. Secondly, extra efforts are 
needed in developing the ontology database. Current ontology store mechanisms (e.g., .owl, .rdf) fall 
short in the efficiency of processing large amount of instance data. Thirdly, the centralised ontology 
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database should take care of a firm access control, since the Vitruvius project is aiming at building a 
secure environment for protecting human body information. These technical issues will either hinder the 
implementation of the system or decrease the performance of the system. 

B. Architecture without the centralised data store 

In order to deal with the technical issues of the above architecture, the system architecture without the 
centralised data store is introduced. This design employs message-based communication mechanism 
among components. Local data store (not shown in the figure for simplicity) of each component is used 
instead of the centralised data store. This simplifies the reuse of existing applications and services, since 
they can maintain their original data store mechanism (e.g., relational database, file system). From the 
syntactic perspective, the mappers need to map between the local data format and the global 
communication message format. From the semantic perspective, the mappers map from local semantics to 
the domain ontology semantics and vice versa.  

When talking about direct communication among components, the question arises of how a certain 
component knows which component it should request or communicate for a particular data. For example, 
when an epilepsy seizure detection application requests heart-rate data, it needs to find a proper data 
producer, such as the ECG2RR service. Here the role of the Configuration Manager component comes to 
play. The Configuration Manager used in this design is functionally similar to the one in the previous 
Vitruvius design. However, it integrates with the domain ontology to provide broker functionality that 
matches service requests with service provisioning. All the data producers’ access information will be 
stored in the domain ontology as instance of their relative concepts. When an application or a service 
starts a data request, its mapper will query the configuration manager for data producer information. Then 
using the returned access information of the data producer, a communication channel will be built 
between the data producer and the data consumer.  

However, this architecture also has some disadvantages. First, the design of the Configuration Manager 
component needs to support the operations on the domain ontology, such as the query facility, which is 
supported by the central database in the first design. Second, the communication mechanism is more 
complex than the first architecture, instead of the simple central database access, communication channels 
need to be built between system components.   
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4. Ontology Modeling and Representation 

This chapter first introduces the modeling of the domain ontology, which is deployed in the system for 
improving semantic interoperability. In [29], ontologies have been considered relevant for several usage 
purposes such as: sharing understanding and facilitating communication among people within a particular 
context, improving semantic interoperability among system components, and representing knowledge to 
support knowledge reuse and automated reasoning. Based on the different purposes, the definitions of 
ontology that are used in this thesis, as well as the development process of the ontology, can be 
distinguished to two parts.  

Firstly, as a carrier of sharing understanding and facilitating communication among people within the 
project, the ontology is built using a more human readable and hence less formal formalism. This part is 
the modeling phase of the domain ontology and the UML class diagram [12] is adopted for this purpose. 
Secondly, based on the ontology model achieved in the modeling phase, a formal ontology representation 
formalism is chosen for further implementing the domain ontology in a computational way, which is 
introduced in the next chapter. A brief introduction and comparison among several available ontology 
representation languages are presented in the second part of this chapter. 

4.1 Domain Ontology Modeling 

As introduced in Chapter 3, [26] proposed the ContoExam ontology, which provides a way of building 
domain specific ontologies by constraining its domain generic parts with the domain vocabularies. Firstly, 
this section reviews the core concepts of the domain generic sub-ontologies presented in the ContoExam 
(refer to the fourth layer in Figure 3.2), followed by an extension that is related to this study. Secondly, an 
RPM domain ontology (refer to the third layer in Figure 3.2) is built by constraining the domain generic 
sub-ontologies with domain vocabularies.  

4.1.1 Domain Generic Ontology 

 
Figure 4.1 Main concepts of examination [26] 



 

Department of Mathematics and Computer Science 
Eindhoven University of Technology Page 27 

 

The domain generic sub-ontology ‘Examination’ is proposed as the core concept in the ContoExam 
ontology. Its existence improves the structure of the derived domain ontology. Meanwhile, it provides a 
vehicle for achieving the semantic interoperability among different domain ontologies.  

The ‘Examination’, which has been defined as the abstract unity of ‘Measurement’ and ‘Nominal 
Examination’, is presented in Figure 4.1. The main concepts are taken from [56] and blended into the 
examination ontology depicted in Figure 4.1. As defined in [56], an ‘examination’ is a structured 
activity that is prescribed in the ‘examination procedure’, and the activity of ‘examination’ 
essentially consists in comparing, through an ‘examining system’, to obtain an ‘examination 
result’ that consists of an ‘examined property value’ with associated ‘examination 
uncertainty’.  

A. Measurement 

 
Figure 4.2 Main concepts of measurement 

In order to model the sensor systems that take measurements, the examination ontology is instantiated to 
the ‘Metrology’, which is defined by VIM [30] as the science of measurement and its application. The 
main concepts involved in the measurement are taken from VIM [30] and presented in Figure 4.2. As an 
instantiation of ‘examination’, the concepts of ‘measurement’ have the same structure as 
‘examination’: a ‘measurement’ is a structured activity that is prescribed in the ‘measurement 
procedure’, and the activity of ‘measurement’ essentially consists in comparison, through a 
‘measuring system’, to obtain a ‘measurement result’ that consists of a ‘measured 
quantity value’ with associated ‘measurement uncertainty’. The ‘measurement’ can be 
distinguished from the ‘examination’ by limiting its use to the property that has a magnitude, namely, 
the ‘quantity’. The concepts related to ‘quantity’ are also presented in Figure 4.2.  
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The measurement ontology provides the ability of modeling measurement result, which supports the 
domain data modeling that is described in the next subsection. However, further extensions are still 
needed for modeling the sensor devices and data processing services that are used in the Vitruvius system. 
For this reason, the ‘measuring system’ (Figure 4.3) and ‘measurement procedure’ (Figure 4.4) 
are specified. 

B. Measuring System 

 
Figure 4.3 Main concepts of measuring system 

In VIM [30], the ‘measuring system’ is defined as “a set of one or more ‘measuring 
instruments’ and often other devices, including any reagent and supply, assembled and adapted to 
give information used to generate ‘measured quantity values’ for ‘quantities’ of specified 
‘kinds’”. Since VIM-3.1 NOTE 1 specifies that “A measuring instrument that can be used alone is a 
measuring system”, the ‘measuring instrument’ is modelled as either a ‘measuring system’ by 
itself or part of a ‘measuring system’ which consists of several ‘measuring instruments’. 
Meanwhile, a number of properties for the measuring system are defined in VIM-Chapter 4. In Chapter 5 
of this thesis, these property specifications are shown to facilitate the dynamic device configuration. 

C. Measurement Procedure 

Another constituent part of the ‘measurement’ is the ‘measurement procedure’, which is defined 
in VIM as “the detailed description of a measurement according to one or more ‘measurement 
principles’ and to a given ‘measurement method’, based on a ‘measurement model’”. The 
definition of ‘measurement model’, which is the “mathematical relation among all ‘quantities’ 
known to be involved in a ‘measurement’”, indicates that it is suitable for modeling some of the service 
components (only the services that have output quantities can be modelled as ‘measurement model’) 
in the Vitruvius system. For example, the ‘ECG2RR’ service used in this study can be modelled as a 
‘measurement model’, since it provides the mathematical relation between the ‘input ECG 
quantity’ and the ‘output RR interval quantity’ that are involved in the ‘ECG 

measurement’. The core concepts of the ‘measurement procedure’ are shown in Figure 4.4. 
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Figure 4.4 Main concepts of measurement procedure  

4.1.2 Domain Specific Ontology 

The domain generic ontology can be instantiated into a domain specific ontology by constraining it with 
domain vocabularies. As mentioned in [26], several controlled domain vocabularies, such as LOINC [65] 
and SNOMED-CT [66], are available for the RPM domain. However, since the domain knowledge is out 
of the scope of this study, the domain specific ontology developed here is not referring to any particular 
domain standards. The domain vocabularies deployed in this domain specific ontology are those 
commonly adopted in the communication among human beings.  

An example of the domain specific ontology that defines the measurement of acceleration is presented in 
Figure 4.6. As an instantiation of the ‘measurement’, the ‘Acceleration_meas’ is a structured 
activity that is prescribed in the ‘Acceleration_procedure’, and the activity of 
‘Acceleration_meas’ essentially consists in comparing, through a ‘Shimmer’ system, to obtain an 
‘Acceleration_result’ that consists of a ‘Meas_acc_value’. The ‘Shimmer’ system has the 
‘Sampling_freq’ property and consists of a ‘3D_accelerometer’ sensor.  

 
Figure 4.6 An example of the domain specific ontology – measurement of acceleration 

4.2 Ontology Representation  
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The previous section introduces the modeling of the domain ontology. However, as explained in this 
section, the applied representation formalism (UML class diagram) is more suitable for facilitating the 
communication between people than providing a computable knowledge representation. Different 
ontology representation languages, or knowledge representation formalisms, make their own world view 
commitments [41]. This commitment is expressed by primitives that are provided by the language. 
Therefore, if a suitable ontology modelling language is chosen, its primitives will ensure that the 
specifications (ontologies) produced using this language will better approximate the intended models of a 
real world conceptualization [42]. 

4.2.1 Ontology Languages 

Many ontology representation languages have been proposed in the past 15 years. Based on the 
investigation of [8] and [9], five following languages are considered and we limit ourselves to introduce 
only these ones. This section will introduce their important features and potential cooperation with each 
other.  

Resource Description Framework (RDF) 

RDF is a recommendation developed by the W3C community to support effective creation, exchange and 
use of annotations on the Web. For example, the author and editing date of a web resource can be added 
as an annotation. RDF annotates Web resources in terms of named properties, called Predicates. Objects, 
indicated by URI refs to resolvable (web) resources, are used to represent the values of these properties. 
This provides the information about the resource that is intended to be annotated, called Subjects. 
Together they compose the RDF statement (or RDF triple): {subject, property, object} that should be read 
as “the subject has a property that is specified in the object” [5]. For example, “wheels are parts of a car” 
can be represented in RDF as “Subject: car, Property: hasPart, Object: wheels”. 

However, annotations alone do not establish the machine understandable semantics of what is being 
marked up. For this reason, an ontology approach is adopted by the W3C community. RDF Schema 
(RDFS) is developed as a web ontological schema language to provide semantic meanings for RDF [5].  

RDF Schema provides simple but essential modeling primitives for structuring domain knowledge. 
Nevertheless, its simplicity can also limit the expressiveness of RDF Schema. Some of the main 
limitations are identified in [10]: 

• Local scope of properties: rdfs:range defines the range of a property for all classes, which means 
in RDF Schema we cannot declare range restrictions that apply only to some classes. 

• In RDF Schema, it is not possible to define a disjoint relation between two classes. 
• Boolean combinations (such as union, intersection and complement) of classes are not supported.  
• Cardinality restrictions are impossible to express in RDF Schema. 
• Special characteristics of properties such as inverse and transitivity cannot be expressed in RDF 

Schema.  

Web Ontology Language (OWL) 
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Due to the limitations of expressiveness of the RDF Schema, an ontology representation language that 
provides more features was needed. The Web Ontology Working Group of W3C developed OWL to fill 
this gap. OWL is an ontology representation language that semantically extends RDF Schema. It employs 
the same triple format as RDF. For example, OWL has a built-in property “owl:disjointWith” that is used 
to describe two disjoint classes, which is lacking in RDFS. So if we want to express that Man and Woman 
are two disjoint classes, we can have the following statement in OWL: 

<owl:Class rdf:about="#Man">                                                    <owl:Class rdf:about="#Woman"> 

<owl:disjointWith rdf:resource="#Woman"/>                              <owl:disjointWith rdf:resource="#Man"/> 

</owl:Class>                                                                                  </owl:Class> 

In order to achieve a suitable balance between expressive power and reasoning complexity, OWL is 
defined in three subversions with a growing degree of expressive power: OWL Lite, OWL DL 
(Description Logic), and OWL Full. Only OWL DL will be considered here, since it is computationally 
decidable, which means it is fully supported by automated reasoning. Meanwhile, it remains enough 
expressive power for expressing different classes of ontologies and knowledge. OWL DL is based on the 
description logic, which can be viewed as a decidable subset of the first-order logic (FOL) [11]. It 
benefits from the description logic by inheriting additional ontology constructs (such as conjunction, 
disjunction and negation) that are not available in OWL Lite.    

Unified Modeling Language (UML) 

UML is a language initially proposed as a unification of several different visual notations and modeling 
techniques used for systems design [12]. It has been widely adopted by the software engineering 
community. But later its scope was broadened to include more diverse modeling tasks, such as 
ontological modeling. Usually UML diagrams alone are not expressive enough to describe accurate 
behaviour of operations. They lack formal textual semantic definitions, which can be used as rules or 
constraints. Therefore, some form of textual language is used to fill this gap [13], such as OCL. Rules can 
be expressed using OCL to enhance the automated reasoning ability.  

UML can be used directly as an ontology representation language. The ontologies are built with the basic 
UML elements. For example, the class diagrams are usually only used for the purpose of facilitating 
communication between people. For example, in [14] an ontology is developed using UML, however, in 
order to support its use for reasoning, it introduced a method to produce Java classes and an RDF schema 
from an ontology represented as a UML class diagram and encoded using XMI.   

Also UML can be used as a graphical front-end for another ontology representation language (e.g., OWL).    
For this purpose, UML Profile is used to introduce new kinds of modeling elements by extending the 
basic ones. In [15], the Ontology UML Profile (OUP) is presented to extend UML in a standard way to 
enable ontology modeling in the widely used UML modeling tools. The work of [16] uses the OUP as a 
graphical front-end for visualizing and editing OWL ontologies. 

Knowledge Interchange Format (KIF) 
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KIF is a formal language for the interchange of knowledge among disparate computer programs [17]. The 
original idea of KIF is that when a program needs to communicate with another program, it maps its 
internal data structures into KIF. Then the other program can translate the data from KIF to its internal 
form. This indicates that KIF is not intended to be an internal representation for knowledge within 
computer programs. The idea here is quite similar to our approach that is mentioned in the conceptual 
architecture, in which we map each component’s private ontology into the domain ontology. 

Another advantage of KIF is its readability. Although it is not intended primarily as a language for 
interaction with humans, its declarative semantics provides a better readability for human modelers when 
comparing with RDF Schema.   

Frame Logic (F-logic) 

F-logic is a formalism that accounts in a clean and declarative fashion for most of the structural aspects of 
object-oriented and frame-based languages [18]. At the same time, it is as powerful as any rule-based 
language for knowledge representation [19]. One of the main strength of F-logic is that it is an ontology 
modeling language as well as a language for developing applications that use these ontologies. This 
avoids the extra effort of integrating the declarative ontology specification (e.g. using OWL) with the 
applications written in imperative languages (e.g. JAVA). 

Unlike OWL DL, F-logic is computationally complete. On the good side, this will lead to a stronger 
expressive power than the one of OWL DL [20]. However, the drawback is that it provides no 
computational guarantees, which means F-logic is computationally undecidable. 

F-logic and OWL have their own advantages in different aspects. Some research has been conducted in 
combining these two techniques in order to get the advantages of both worlds. Since F-logic is an 
extension of the first-order logic, it is clear that OWL DL that is based on description logic can be defined 
within F-logic, as shown in [21]. As opposed to this, [22] shows that F-logic can be used as rules in 
combination with the OWL DL. 

4.2.2 Language Selection 

A brief introduction of five ontology representation languages is given in the previous section. Since the 
focus of this study is biased on the architecture of the semantic interoperable sensor platform, the 
selection of the ontology representation language is strongly dependent on the practical aspects (e.g., the 
available editor support), rather than the semantic aspect (e.g., the constructs provided in the ontology). 
The OWL DL is selected as the ontology representation language in this study. This decision is made 
based on the following considerations.     

Firstly, the OWL is adopted as the W3C standard for the development of the semantic web, which means 
it is well supported and it has a large user community. Secondly, since the Vitruvius-2 implementation is 
designed to run on the Android platform, a well-supported JAVA API (the OWL API) is necessary for the 
ontology implementation. Thirdly, as introduced in the previous section, the OWL DL provides decidable 
inference ability, which is important for the resource constrained mobile platform. Fourthly, the inference 
of the OWL DL ontology is supported by the SPARQL-DL [58] query language, which is a subset of 
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SPARQL with DL inference. The SPARQL-DL API provides a query engine which is settled on top of 
the OWL API, and its library is fully aligned with the OWL 2 (the new version of the original OWL) 
standard. At last, the editing of OWL ontology is supported by a widely used ontology editor, the Protégé 
[59].  

The transformation from the domain ontology model described in Section 4.1 to its design in OWL is 
significantly simplified by using the Protégé environment. Its grammar-free graphical user interface 
releases the developer from the original OWL syntax and provides an intuitive way of the ontology 
development. Figure 4.7 shows a snapshot of the Protégé user interface, in which any concept can be 
defined as a subclass of the top hierarchy class ‘Thing’, and any relationship can be defined as a sub 
property of the top hierarchy relationship ‘topObjectProperty’. The ‘Object Property’ refers to the 
relationship between classes and the ‘Data Property’ refers to the relationship between the instances of a 
class and a value property (e.g. ‘ShimmerNode1’ is an instance device of the ‘Shimmer’ class, then we 
can define the ‘ShimmerNode1’ ‘has_SamplingFrequency’ ‘10Hz’, where the ‘has_SamplingFrequency’ 
is a ‘Data Property’). Another concept that is named differently in Protégé is the ‘Individual’, which is 
commonly called as ‘Instance’. 

 
Figure 4.7 The graphical user interface of Protégé  

In this chapter we introduced the ontology model and the selection of the representation formalism. The 
design of the domain ontology in OWL will be presented in the next chapter as the semantic view of the 
system design.   
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5. System Design 

This chapter introduces the system design, which is based on the foundations introduced in Chapter 3 and 
Chapter 4. According to Chapter 3, the ontology-based Vitruvius-2 system can be divided into three 
layers: the application layer, the service layer, and the sensor layer. In the demo system, a data 
visualization application, an ECG2RR service and two different sensors, the Shimmer sensor and the 
Philips DTI-2 sensor, are deployed on the top of our Vitruvius platform. Since these two sensors are 
functionally similar, only the Shimmer sensor will be used in this design analysis. 

In the following sections, the 4+1 view architecture [62] approach is adopted for analysing the system 
design. Furthermore, a Semantic View has been introduced to fulfil the analysis. This view illustrates the 
semantic architecture of the ontology-based Vitruvius system, which is based on the approach that is 
introduced in [26]. 

The design follows a top-down manner, which starts with the use cases that are used as drivers to  
discover the elements during the system design; followed with the Development View that focuses on 
how the system is functionally organized into different components, and the interfaces they provided to 
each other; then the general communication mechanisms between these layers and the specified 
communication processes among system components are illustrated in the Process View; the Logical 
View further decomposes these system components into sets of related classes; as last, the semantic view 
is introduced for mapping system components to their corresponding semantic specifications. 

5.1 System Use Cases 

The ontology-based system design is driven by several use cases, three most important ones are listed as 
below: 

Use Case 1: As a system user (e.g. system engineer), I want to easily deploy new sensors into the system 
and configure their specifications with domain ontologies, because I want the system to use them properly 
(both physically and semantically). 

Use Case 2: As an end user (e.g. nurse), I want to easily and flexibly choose available data sources for 
my application, because I want to use my application without knowing the details about those data 
sources. 

These two use cases can be further described in the following example scenarios based on the demo 
system. 

Scenario 1:  

Post-condition: Required sensors have been properly configured into the Vitruvius platform. 

1) The system user installs the software package (the APK file on the Android platform) of the sensor 
driver for the Shimmer sensor on the Android device, e.g., a smart phone. 

2) The system user installs and runs the Vitruvius-2 platform APK on the same Android device. 



 

Department of Mathematics and Computer Science 
Eindhoven University of Technology Page 35 

 

3) The system user pairs the Shimmer sensor with the Android device through Bluetooth.  
4) The system user configures the Shimmer sensor in the Vitruvius-2 platform application.   

Scenario 2:  

Pre-condition: The system engineer has properly configured the required sensors into the Vitruvius 
platform. 

1) The end user installs and runs the data Visualization application and the ECG2RR service on the 
Android device. 

2) The end user chooses to visualise the RR interval data in the Visualization application.   
3) The end user chooses the ECG2RR service as the data producer.  
4) When finished, the user chooses to stop the visualization of the RR interval data. 

Based on these scenarios, these two abstract use cases can be further decomposed into sub use cases, 
which are shown using the Use Case Diagram in Figure 5.1. 

 
Figure 5.1 Use Cases of the Vitruvius-2 system 

5.2 System Development View 

The system can be divided into four components: the Application (Light orange block), the Service (Light 
green block), the Sensor (Light grey block) and the Platform (Light pink). These components 
communicate through the defined interfaces. Figure 5.2 shows an example of the Vitruvius-2 system 
design with the Visualization application, the ECG2RR service and the Shimmer sensor. 

The Visualization application is used to visualise different type of data, which is specified by the end user. 
The Shimmer sensor component collects data from the physical Shimmer device and provides those data 
to the data receivers. The ECG2RR service consumes the ECG data provided by the Shimmer device; 
meanwhile, it calculates the RR interval data and provides it to the Visualization application. These 
components consist of several parts; each of them can be mapped to a separate class, the most important 
ones will be introduced in this section. And since the internal interfaces among these parts are basically 
dependent on the component’s original implementations, they will not be discussed here. 

System

Use Case 1

System User

End User

Use Case 2

Add a new sensor device

Install a new software package to Android

Configure a sensor device

Run application

Install new application to Android



 

Department of Mathematics and Computer Science 
Eindhoven University of Technology Page 36 

 

 
Figure 5.2 Development View of the Vitruvius-2 demo system 

5.2.1 Sensor 

The sensor driver components provide two interfaces, the Data Provider interface works reversely as the 
Data consumer interface, it receives data request and sends sensor data to the applications or services; the 
Info Registrant interface provides the sensor information, which can be registered in the Vitruvius 
platform. 

Figure 5.3 depicts the main classes of the sensor mapper package. The ‘SensorMapper’ class can be built 
by extending the ‘AbstractService’ class, which in turn is a subclass of the Android ‘Service’ class. The 
‘AbstractService’ class provides an implementation of the ‘send()’ method, which can be used to send 
‘Message’ objects to the invoker of this class. The other three abstract methods defined in the 
‘AbstractService’ class should be implemented in the ‘SensorMapper’ class. The ‘onStartService()’ 
method and the ‘onStopService()’ are used to implement the behaviours that should happen at the start 
and end stage of the ‘SensorMapper’ class, respectively. The ‘onReceiveMessage()’ method is 
implemented to receive the message from the data consumer for invoking sensor connection and sensor 
configuration. Since the received message is expressed in the domain ontology, a local method for 
mapping the domain concepts to the sensor’s local representation is implemented, namely the 
‘domainToLocal()’ method. On the other hand, the mapping from local sensor data to the global data 
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message is done in the ‘mHandler’ attribute of the ‘SensorMapper’ class. The ‘mHandler’ is an inner 
class which provides an interface for receiving local data from the sensor driver. By integrating the 
mapping from local semantic to the domain ontology into this ‘mHandler’, the global data message can be 
sent directly after the sensor data arrives, which minimizes the message passing latency that is caused by 
introducing the mapper component.  

The ‘SensorInfo’ class extends the Android ‘IntentService’ class. This class simply provides the sensor 
information registration mechanism. The ‘onHandleIntent()’ method can be invoked by the Vitruvius-2 
platform to send the information registration Intent to the Configuration Manager component, which will 
manage the modification of the domain ontology.  

 
Figure 5.3 Logical View of the sensor mapper 

5.2.2 Service 

The service components consume the data from other data providers, then provide data to other data 
consumers. The service mapper components act as a combination of the sensor mapper and the 
application mapper, it provides both the data provider interface and the data consumer interface. The 
service mapper design can be derived from the sensor mapper design and the application mapper design, 
hence it will not be explained here.  

5.2.3 Application 

The application components expose two interfaces, the Info Inquirer interface requires the Info Provider 
interface, which is provided by the Configuration Manager subcomponent of the Vitruvius-2 Platform as 
shown in Figure 5.2; the Data Consumer interface will send data requests and listen to the global data 
messages, which are sent from the service components or the sensor components. 

The application mapper has a similar structure to the sensor mapper, as shown in Figure 5.4. The 
‘ApplicationMapper’ class is also extended from the ‘AbstractService’. However, the inherited ‘send()’ 
method and ‘onReceiveMessage()’ method are used to pass the local messages with its corresponding 
application. Instead of calling the ‘domainToLocal()’ method inside the ‘onReceiveMessage()’ method as 
implemented in the ‘SensorMapper’ class, the ‘localToDomain()’ method is used.   

tue.vitruvius.sensormapper

Abst ractServ ice
<<Service>>

#send(Message): void
+onStartService(): void
+onStopService(): void
+onReceiveMessage(Message): void

SensorMapper

-mHandler: Handler

+onStartService(): void
+onStopService(): void
+onReceiveMessage(Message): void
+domainToLocal(): int

SensorInfo
<<IntentService>>

#onHandleIntent(Intent): void
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Figure 5.4 Logical View of the application mapper 

For facilitating the communication between the application mapper and the sensor mapper, the ‘mService’ 
attribute is defined in the ‘ApplicationMapper class’, which is an instantiation of the ‘ServiceManager’ 
class. An ‘mService’ object holds a handler, which will receive messages from the Android service that 
the ‘mService’ object is referring to. The received message is represented with the domain ontology, 
which needs to be mapped to the application’s local ontology through the ‘domainToLocal()’ method. 
The methods provided by the ‘ServiceManager’ class can be used to communicate with the bound service 
of the ‘mService’ object, which refers to the data producer components. 

5.2.4 Platform 

The Vitruvius-2 platform component exposes two interfaces to the system environment; the Info provider 
interface provides the data source information to data consumers; while the Info Handler interface listens 
to the data provider components for provider information registrations. 

The Vitruvius-2 Platform component can be further divided into four subcomponents. As the main 
subcomponent, the Configuration Manager supports most of the functional aspect of the Vitruvius-2 
platform, which includes the interaction with the domain ontology. 

The ‘configuration manager’ is responsible for managing the (re)configuration of the platform, for 
example, when adding a new sensor or application. The configuration manager package consists of four 
classes, as shown in Figure 5.5.  

The ‘OntologyManager’ class provides the method for ontology operations, including concept insertion, 
modification and deletion. These methods are implemented based on the OWL API. In order to prevent 
any unauthorized modification to the domain ontology, the ‘OntologyManager’ class is designed as 
package protected, which means its method can only be called by the classes in this configuration 
manager package.  

The ‘QueryManager’ class implements two methods to support queries to the domain ontology. Based on 
the SPARQL-DL API, two types of queries are available in the SPARQL-DL syntax. The 
‘queryForResult(String)’ method is corresponding for the SELECT-queries, which will return a list of all 
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possible bindings of the provided variables. The ‘queryForAsk(String)’ method can be used to process the 
ASK-queries, which returns a Boolean result. Since the SPARQL-DL API only supports information 
inquiry, which will not modify the domain ontology file, the ‘QueryManager’ class is designed to be a 
public class, so classes from outside of the configuration manager package (e.g. classes from the GUI 
package of the Vitruvius-2 platform) can also query for the domain knowledge. 

 
Figure 5.5 Logical View of the configuration manager 

The ‘InfoHandler’ class exports the ‘Info Handler’ interface to receive the ‘Info Register Intent’ as 
described in the Development View. The ‘onHandleIntent(Intent)’ method is inherited from the Android 
‘IntentService’ class and it is implemented locally for handling the ‘Info Register Intent’. 

The ‘Info Provider’ interface is provided by the ‘InfoProvider’ class. This class is responsible for 
handling the query message from other system components. A private inner class ‘IncomingHandler’ is 
defined to provide a message channel that facilitating communications. 

5.3 System Process View 

The interfaces among different system layers have been introduced in the Development View. In this 
view, the communication mechanisms employed for realising these interfaces will be explained.  

5.3.1 Message Formats 

Two types of messages can be identified in Figure 5.3, one is defined in the “android.content.Intent” class 
(“Intent” for simplicity) and another one from the “android.os.Message” class (“Message” for simplicity). 

‘Intent’ Format  

The “Intent” object is a passive data structure used for activating Android activities, services and 
broadcast receivers. For this reason, it was only used when we need to start or bind to an Android service. 
The communication between the data provider and the Vitruvius platform is established through this kind 
of message. Since the data provider’s info registration service only needs to be invoked once when it is 
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first added to the platform, the Vitruvius platform will send an empty “Intent” to start it and get a returned 
“Intent” that contains the data provider’s information. The message format of the returned “Intent” is 
shown in Figure 5.6. 

Intent: Data Provider to Vitruvius Platform

Destination Package Name: “tue.vitruvius”
Destination Class Name: “tue.vitruvius.configurationmanager.InfoHandler”
Extra info:
①“Producer name”, Name of the sensor or service
②“Access point”, Full path of the producer mapper’s class name
③“QuantityType”, Type of data it can provide
④“PropertyType”, Type of properties that can be configured 

 
Figure 5.6 Message format for “Intent” communication 

‘Message’ Format 

For other circumstances, where continuous message communication is needed, the “Message” object is 
used. The message format of the “Messages” used in these communications is described in Figure 5.7. 
The “what” field of a “Message” object can be used as an identifier to distinguish different type of 
“Messages”. And the “setData()” method is used to set the “data” field of the “Message” object. A list of 
identifiers is defined in the “Constants” class, which contains all the constants used in Figure 5.7.  

 
Figure 5.7 Message format for “Message” communication 

5.3.2 System Interactions 

After understanding the communication mechanism used in the ontology-based Vitruvius system, the 
UML Sequence Diagram is used to analyse the communication sequences among the demo system 
components. Figure 5.8 shows the system interaction for Scenario 1 as introduced in Section 5.1. It 
indicates that asynchronous message-based communication is adopted as the main communication 
mechanism in this system design, and it is implemented as the interfaces among different system 
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components. This allows different components to communicate cross threads and processes, which will 
prevent the work intensive tasks from blocking the main UI thread. Also the message-based 
communication will help to decouple the different system components, which will improve the flexibility 
and security of the system. 

 
Figure 5.8 Sequence diagram of the Vitruvius-2 demo system scenario 1 

The system interaction for Scenario 2 is depicted in Figure 5.9. It shows that the human intervention is 
alleviated, since most of the interactions are the internal process of the system. This is due to the fact that 
the interoperability among different system components has been achieved syntactically and improved 
semantically. The syntactic interoperability is achieved by introducing the communication mechanism 
and message format which are introduce earlier in this section. On the other hand, the semantic 
interoperability is improved by adopting the explicitly defined domain ontology, instead of the implicit 
use of the domain semantics.  

From the design perspective, two types of mappers are designed for the explicit use of domain knowledge 
specifications, namely the sensor mapper and the application mapper, since the service mapper is the 
functional combination of those two. Figure 5.10 presents the communication sequence of both (a) the 
sensor mapper and (b) the application mapper. These two sequence diagrams further explain the internal 
processes of the sensor component and the application component shown in Figure 5.9. 

The sensor mapper possesses the knowledge in the form of both the domain representation and the 
sensor’s local representation. When the sensor mapper is invoked by a data consumer, it will first extract 
the sensor configuration information and map it to the sensor’s local representation (e.g., from the domain 
representation ‘Sampling_frequency’ to Shimmer’s local method ‘writeSamplingRate()’). Then the sensor 
driver will handle the physical device based on the mapped configuration information. After the sensor 
data arrived at the sensor mapper, it will pack the data into the global message format and add domain 
semantic specifications to the message, so the message will be understandable to other components which 
sharing the same domain knowledge specification. 

Body Hubseq

Shimmer Sensor Vitruvius-2 PlatformSystem Engineer ECG2RR Service
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2 : Sensor information request()

3 : Return sensor info Intent

4 : Add Shimmer sensor instance

5 : Configure Shimmer sensor instance

6 : Add ECG2RR service

7 : Service information request()

8 : Return service info Intent
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Figure 5.9 Sequence diagram of the Vitruvius-2 demo system scenario 2 

 
(a) Sensor mapper                                                              (b) Application mapper      

Figure 5.10 Process View of the mapper design   

5.4 System Logical View 

The Logical View introduces what a stakeholder could encounter when using the Vitruvius-2 system. 
Two type of stakeholders are identified in Section 5.1, the system user and the end user.  

For the system user, normally he will deal with operations like add sensors and configure sensors, which 
involves the user interface of the Vitruvius-2 platform. The classes for implementing the Vitruvius-2 user 
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interface are shown in Figure 5.11. The MainActivity class provides the basic structure of the user 
interface. It invokes other sub activities to provide functionalities such as add a service, remove a service, 
add a device and configure the device. Each of the sub activities handles the user request in their 
‘onItemClick()’ method. 

 
Figure 5.11 Logic View of the Vitruvius-2 platform 

For the end user, the most common operations is to use a user application, such as the Visualization 
application. Since the Logic View for the end user will depend on the application he chooses to use, it 
will not be discussed here.     

5.5 Semantic View 

This view analyses the system design from the semantic perspective, namely, the domain ontology design. 
As explained in Chapter 4, the OWL is chosen as the ontology representation language together with 
Protégé as the ontology engineering environment in this study. Benefiting from the Protégé’s GUI, the 
OWL ontology development can be done without a full understanding of the OWL syntax. In this section, 
the domain ontology design is explained with Protégé snapshots, instead of the less human readable OWL 
syntax representation. One thing to clarify about these snapshots is that although the OntoGraf panel of 
Protégé provides a graphical view of the modelled ontology, instead of using the UML class diagram like 
relationship representation, it employs its own symbol for representing the relationships between concepts. 
Also it chooses random colour to distinguish different relationships, which means it is not possible to 
recognise the relationship by just looking at these graphs. For this reason, these graphs are only used to 
indicate how the domain ontology is designed from the system perspective, for detail information of the 
domain ontology one can refer to Chapter 4.   

The implemented ontology files can be stored in the internal memory of the Vitruvius-2 platform, then 
they can be used for storing sensor configuration information and for answering data producer queries, as 
introduced in Figure 5.6 and Figure 5.7, respectively. Also, an example of the SPARQL-DL query is 
presented to demonstrate how the domain knowledge is inquired in the system design. 

5.5.1 Measurement Ontology 

The ontology model of measurement from Figure 4.2 can be modelled in Protégé as shown in Figure 5.12. 
The aggregation relations used in the ontology model are modelled as ‘has’ relation in Protégé, e.g., a 
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‘Measurement’ ‘has_meas_system’ ‘Meas_system’. The ‘has’ relation is defined by the user, 
hence it is represented by the dash lines. The generalisation relations between the ‘Quantity_value’ 
and the ‘Meas_quant_value’ are modelled as “the ‘Meas_quant_value’ is a subclass of the 
‘Quantity_value’”.   

 
Figure 5.12 The measurement ontology modelled in Protégé 

5.5.2 Measuring System Ontology 

 
Figure 5.13 The measuring system ontology modelled in Protégé 
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Similarly, the measuring system ontology is shown in Figure 5.13. As introduced in Figure 4.6, the 
domain specific ontology can be defined by instantiating the domain generic ontology. The same 
approach can be applied in Protégé. 

 
Figure 5.14 The domain-specific measuring system  

As shown in Figure 5.14, the domain-specific ontology describes the Shimmer sensor as an individual of 
the ‘Meas_system’. Meanwhile, the Shimmer sensor is said to have ‘Sampling_frequency’, which 
is an individual of the ‘Meas_dev_prop’ class. The Shimmer sensor can generate two types of 
measured quantity values, the ‘Meas_accel_value’ and the ‘Meas_ecg_value’. These relationships 
define the Shimmer sensor as the source of both the acceleration data and the ECG data. 

The configurations of sensors are achieved through the use of data property relation, which links a data 
value to an individual of the ‘Meas_dev_prop’. However, the data property relation is not visible in this 
graph view of Protégé.   

5.5.3 Measurement Procedure Ontology 

The measurement procedure ontology is also modelled in Protégé as shown in Figure 5.15. As introduced 
in Chapter 4, the concept of ‘Meas_model’ is used to represent the service components in the Vitruvius-
2 system.  

For example, the ECG2RR service component is modelled as an individual of the ‘Meas_model’ in 
Protégé, shown in Figure 5.16. The output quantity of the ECG2RR service is modelled as an individual 
of the ‘Output_quant’. This relationship enables the system to find ECG2RR service as the data 
producer of the RR interval quantity.  
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Figure 5.15 The measurement procedure ontology modelled in Protégé  

 
Figure 5.16 The domain-specific measurement model 

5.5.4 SPARQL-DL Query 

Protégé supports an embedded SPARQL query engine, which can be used to execute the SPARQL 
queries on the modelled OWL ontology. However, since there is no available SPARQL API in 
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cooperation with the OWL API, the SPARQL-DL API is adopted as introduced in Chapter 3. The 
SPARQL-DL query engine is settled on top of the OWL API.  

The following query is an example of the SPARQL-DL query which returns a list of available producers 
for the acceleration data. A query like this is stored in the query message, which is used in Figure 5.7.  

PREFIX meas: <http://www.semanticweb.org/ontologies/2013/2/Measurement_Ontology.owl#> 

SELECT ?x WHERE { 

       DirectType(?x, meas:Meas_system), 

       PropertyValue(?x, meas:generates, meas:Meas_accel_value) 

} OR WHERE { 

       DirectType(?x, meas:Meas_model), 

       PropertyValue(?x, meas:hasOutput_quant, meas:Acceleration) 

} 

The PREFIX is the prefixed IRI that is used to locate the concepts. This query uses a union-like statement, 
the ‘OR WHERE’, which will concatenate the results of the different ‘WHERE’ clauses to one result. The 
result of this query will contain both the sensor and the Vitruvius service if any is available. 

Each of the ‘WHERE’ clause is structured as a list of atoms separated by commas. For example, the first 
‘WHERE’ clause starts by querying for all the individuals of the ‘Meas_system’ class, then from the 
results, it queries for the one that can generate ‘Meas_accel_value’.      

  

http://www.semanticweb.org/ontologies/2013/2/Measurement_Ontology.owl
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6. Verification and Validation 

This chapter provides the verification and the validation of our Vitruvius-2 platform. The verification 
refers to the evaluation of whether or not a system complies with the purpose of its design [67]. For 
example, in this study, the purpose of the Vitruvius-2 design is to provide a semantic interoperable sensor 
platform. The verification section evaluates that whether or not the Vitruvius-2 platform improves the 
semantic interoperability compared to the previous Vitruvius platform; the validation refers to “the 
assurance that a system meets the needs of the customer and other identified stakeholders” [67]. For 
example, the needs of different stakeholders are specified in the use case section of the previous chapter. 
The validation section presents the running examples of our Vitruvius-2 platform, which assures the 
achievements of those use cases. 

6.1 Verification 

This section presents both qualified and quantified evaluations of our proposed Vitruvius-2 platform. The 
qualified evaluation verifies the improved semantic interoperability of our system by digging into the 
differences between the semantic specifications used in the previous Vitruvius platform and the 
Vitruvius-2 platform, namely the database schema and the ontology. The quantified evaluation provides 
the same verification by measuring the platform’s semantic interoperability using a customized metric, 
which is the number of system components to be changed when adding a new type of sensor to the 
platform. 

6.1.1 Qualified Evaluation 

As reviewed in chapter 3, the previous Vitruvius platform deploys a relational database, in which the 
sensor and data descriptions are specified using database schema. [68] identifies that a database schema 
“mostly reflects only a single or a limited viewpoint of its creators, so when these requirements change, 
the viewpoint and the schema also need to be modified”. In contrast, “ontologies are the result of a 
collective effort and should therefore be shared among the community” [69]. These indicate the 
advantage of employing ontology for achieving semantic interoperability, from the historically different 
ways that database schema and ontologies have been used. 

 
Figure 6.1 Modeling approaches [70] 
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The high expressiveness of ontology languages is also an indicator that the ontology will support better 
semantic interoperability. Higher expressiveness provides a more accurate and precise representation of 
the domain knowledge, which limits the ambiguity during knowledge sharing. Figure 6.1 [70] shows that 
the ontology languages (e.g., OWL DL as a description logic approach) have a higher expressiveness than 
the database schema. For example, in the ContoExam ontology, it specifies the ‘measurement’ is 
disjoint with the class of ‘nominal examination’, where the disjoint relation is defined in OWL, but 
not available in the database schema. 

Another important reason for employing ontologies to achieve the semantic interoperability is that it 
provides better reasoning ability than the database. Although both of their inference engines can be used 
to perform reasoning, the SQL engines for database are highly specialized and tuned for answering 
queries and ensuring data integrity, while the fundamental role of a reasoning engine for ontologies is to 
derive new information via automated inference [70]. For example, as we have defined the ‘Meas_model’ 
to be the composition of ‘Input_quant’, ‘Output_quant’ and ‘Meas_func’, an ontology can 
derive that a new instance that is identified to have these three parts can be automatically classified to be a 
‘Meas_model’. In contrast, it is not possible for a database to insert an instance without relating it to a 
class, since a database tuple cannot be included if it does not satisfy all the semantic constraints of the 
schema [69]. 

6.1.2 Quantified Evaluation 

By adapting the definition of semantic interoperability to our case, achieving the semantic interoperability 
indicates that our sensor platform should be able to easily insert new types of sensors. A successful 
integration means that the sensors should be properly configured and used by the applications in our 
system. To support a simplified sensor integration procedure, is one of the benefits of improving semantic 
interoperability. To verify this, we define an evaluation metric that measures the number of system 
components to be modified when integrating a new type of sensor. Table 6.1 summarizes the comparisons 
between the Vitruvius-2 platform and the previous Vitruvius platform based on this metric. 

Table 6.1 Number of components to be modified to support Shimmer sensor  

Platform Version Vitruvius Vitruvius-2  

Changed system 
components 

Sensor Abstraction Layer, 
Central Database, 

Applications 
Shimmer Mapper 

Total number of 
changed components 

2 + 
the Number of Applications 

1 

In the previous Vitruvius platform, sensors are controlled by the Sensor Abstraction Layer component, so 
this component needs to be modified in order to integrate the drivers of new sensors. Since the central 
database is used for storing sensor data, new data tables should be inserted into the database to store new 
quantities generated from the sensor. Furthermore, due to the fact that the SAs are tightly coupled to the 
central database, those applications that want to work with the new data tables should also be modified. 
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In our solution, the sensors are controlled by their original drivers, only mapper components need to be 
developed to map the domain message to the local message which can be understood by those drivers. 
Meanwhile, the new mapper can be developed easily by reuse and adaption of existing sensor mappers.  

6.2 Validation 

This section presents tests of our Vitruvius-2 platform to determine whether it fulfils the required 
functionality. First the system setups for the experiments are described, followed with the testing 
performed based on the two system use cases. 

6.2.1 Experiment Setups 

As shown in Figure 6.2, the hardware components involved in these experiments consist of an Android 
smart phone and two sensors, namely the Shimmer sensor and the DTI-2 sensor. In this experiment, the 
Shimmer sensor is used to measure the acceleration signals; the DTI-2 sensor measures the acceleration 
and skin conductance signals. The sensors are connected to the smart phone via Bluetooth connection.  

Philips 
DTI-2

Body hub 
(Android smartphone)

Shimmer 

 

Figure 6.2 Hardware setups   

 

 
Figure 6.3 Software setups 

The software components involved in these experiments consist of two sensor driver packages, the 
Visualization Application package and the Vitruvius-2 platform package. These software packages can be 
downloaded from our website by scanning the corresponding QR code as shown in Figure 6.3. Then the 
downloaded software packages can be installed just like the normal Android apps. 
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6.2.2 Test Case 1 

This test case is used to validate whether the Vitruvius-2 meets the functional requirements that are 
specified in the use case 1 from the previous chapter. The use case 1 is taken from the perspective of a 
system user (e.g. system engineer), who wants to easily deploy new sensors into the system and configure 
their specifications with domain ontologies, so that the system will use them properly.  

The following test criterion is defined to check the success or failure of this test. 

• Whether or not a new type of sensors can be deployed to the platform dynamically.  

In the GUI of the Vitruvius-2 platform, the test can be carried out by the following steps: 

         

(a)                                (b)                                                          (c) 

Figure 6.4 Snapshots of Configuring a sensor in Vitruvius-2 

1) Add the installed sensor drivers package (including the developed mapper component) into the 
Vitruvius-2 platform by tapping on the ‘Add service’ button in the ‘SERVICE’ tab, and then 
choose the corresponding drivers. Here we add the Shimmer driver and the DTI-2 driver, as 
shown in Figure 6.4 (a).  

2) Then a physical device can be configured in the ‘DEVICE’ tab by tapping on the ‘Add device’ 
button. Then choose the type of sensor that needs to be added, for example, the Shimmer sensor. 
After that, a Shimmer sensor instance with the default name ‘new1Shimmer’ will be shown under 
the ‘DEVICE’ tab, as shown in Figure 6.4 (b). 

3) To configure this Shimmer sensor, simply tap on the sensor name and choose ‘Configure’ in the 
expanded list. Then all the configuration options that are available for this device will be shown 
in the popup menu, as shown in Figure 6.4 (c). 

The above results show that the criterion for this test is fulfilled by our Vitruvius-2 platform.        
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6.2.3 Test Case 2 

This test case is used to validate whether Vitruvius-2 meets the functional requirements that are specified 
in the use case 2 from the previous chapter. The use case 2 specifies the requirements from the 
perspective of an end user, who wants to easily and flexibly choose available data sources for his 
application. This use case is shown with the Visualization app, the Shimmer sensor and the DTI-2 sensor. 
Assuming the sensors have been correctly configured by the system user, as shown in Figure 6.5 (a), so 
the end users (e.g., nurse) do not need to deal with the technical details of those sensors. The 
‘new1Shimmer’ sensor has been configured to generate the acceleration data at 10 Hz sampling frequency; 
the ‘new1DTI-2’ sensor has been configured to generate both the acceleration data and the skin 
conductance data at the default 2 Hz sampling frequency.  

The criteria defined for this test are given below. 

• Whether or not an application is able to identify different data sources from the available device 
list. 

• Whether or not an application is able to use the data generated by the selected data source.   

The test is carried out by displaying acceleration data in the Visualization application with the following 
steps: 

         
(a)                                                         (b)                                                          (c) 

Figure 6.5 Snapshots of running the Visualization application 

1) Run the Visualization application and select to visualise the acceleration data in the application’s 
option menu. Then a list of available devices for providing the acceleration data will pop up to the 
user. According to our sensor configurations, both the ‘new1Shimmer’ sensor and the ‘new1DTI-
2’ sensor will be available, as shown in Figure 6.5 (b). 
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2) Then by selecting the ‘new1Shimmer’ sensor, the application will connect to the Shimmer sensor 
with the configured Bluetooth address. The application will start to visualise the acceleration data 
when the data is received from the sensor. 

3) With similar operations, the user can visualise the skin conductance data at the same time. In this 
setup only the ‘new1DTI-2’ sensor is available for generating the skin conductance data. The 
result of visualising both the acceleration data and the skin conductance data from two different 
sensors is shown in Figure 6.5 (c).  

 The results achieved in this test indicate that our Vitruvius-2 platform succeeds in both criteria. Although 
the functional requirements for this test case is also implementable with the previous Vitruvius system by 
modeling a more complicated database schema, as pointed out at the beginning of this thesis, this will 
lead to the tight coupling between the SNs and SAs, which hinders their reusability and the runtime 
evolution ability.   
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7. Conclusion and Future Works 

7.1 Conclusion 

In this thesis, the research is conducted into the topic of improving semantic interoperability in Remote 
Patient Monitoring applications. The improved semantic interoperability helps to alleviate the tight 
coupling situation, which is prevalent in the sensor application domain. By loosing the coupling 
relationship between sensors and applications, the sensor systems’ reusability and the capability of 
runtime evolution are promoted.  

This research is approached through proposing the architecture and the design of an RPM sensor platform, 
the Vitruvius-2 platform, which integrates with the RPM domain ontology for providing semantic 
interoperability. As the main contribution of this study, the Vitruvius-2 platform lays an experimental 
base for this research, and it provides a verification of the result of this research. 

The research questions proposed in Chapter 1.4 are addressed throughout this thesis and concluded here. 

• What are the reasons that hinder the semantic interoperability between sensors and applications? 

Chapter 2 studies the state of the art of the semantic sensor networks and their semantic specifications. 
During the review of the related works, several insufficiencies are identified: (1) Trying to achieve the 
semantic interoperability at the component dependent level complicates the semantic mapping. (2) The 
semantic specifications developed are not expressive enough for distinguishing different concepts.     

• What approach can be used to improve these hindrances? 

In Chapter 3, the approach adopted from [26] is introduced, which provides an architectural guidance in 
developing a semantic sensor network that deals with those hindrances. The ContoExam ontology 
proposed in this approach addresses the difference between several concepts, such as the measurement 
and nominal examination.       

• How can an ontology be designed and used as the semantic specification in the remote patient 
monitoring domain? 

Chapter 4 introduces the ContoExam ontology, which consists of the domain generic ontology. An 
example of the RPM domain ontology is designed by constraining the domain generic ontology with 
RPM domain vocabulary.  

• How to unite such ontology with a traditional sensor platform to improve the semantic interoperability?  

Chapter 5 describes the design of our ontology-based Vitruvius-2 platform. Particularly, the semantic 
view introduces the ontology design from a practical perspective, which links the system design with the 
ontology.    

7.2 Future Works 
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Based on the achievements of this thesis, a number of future works can be identified. Furthermore, they 
can be subdivided into two related however distinguishing levels, namely, the domain ontology 
development (semantic level) and the sensor platform development (system level).  

The relation between these two levels has been illustrated through this thesis, in which the ontology 
technique is applied in the development of the sensor platform for improving semantic interoperability. 
On the other hand, they are distinguished since the domain ontology development requires an 
acquaintance of the domain specific knowledge, while the sensor platform development focuses on the 
system designs.      

7.2.1 Domain Ontology Development 

The RPM domain ontology has been built during this master project. Several future works are available 
from this perspective. 

• Domain standards can be employed to further standardizing the domain specific ontology, which is 
currently not achieved due to the lack of domain knowledge. The domain ontology constrained by 
those well-defined domain standards will be more precise and adequate in modeling the real world 
conceptualisations.    

• A standardization of measurement unit can be defined or adopted to fill the vacancy. This will 
further improve the semantic interoperability from the data perspective. 

• The domain generic ontology of ‘Examination’ can be completed by modeling the ‘nominal 
examination’ sub-ontology, which will supports the modeling of nominal properties, such as the 
blood types and human behaviour tagging. 

7.2.2 Sensor Platform Development 

Based on the design of the Vitruvius-2 platform, a few improvements or new features can be foreseen. 

• The reasoning ability provided by the domain ontology can be further exploited. Currently, the 
queries consult the domain ontology are based on the explicit information provided in the domain 
ontology. The queries based on the inferred information can be supported by employing an 
advanced reasoning engine (e.g. Pellet or FaCT++) in the system design.    

• The user privacy can be protected by extending the Vitruvius-2 platform with a Security Manager 
component, which should create a trust list for the authorized applications and services. Then the 
trust list can be used by the Configuration Manager component to provide access control of the data 
producers.   
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Appendix 

A. Types of Controlled Vocabularies [27] 

Broad Category Controlled 
Vocabulary Types Description 

Flat Controlled 
Vocabulary 

Authority File List of terms 

Glossary List of terms and definitions within a specific domain 

Dictionary List of terms, definitions, and additional information 

Gazetteer List of place names 

Code List List of codes (e.g. abbreviations) and definitions 

Multi-Level 
Controlled 
Vocabulary 

Taxonomy Terms classified into categories 

Subject Heading Terms classified into categories, which may be broad classes 

Relational 
Controlled 
Vocabulary 

Thesaurus Set of terms and relationships among individual values 

Semantic Network Set of terms/concepts and directed relationships 

Ontology 

Set of terms and relationships among terms, enhanced by 
additional information provided by rules and axioms. 
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