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The Internet of Things paradigm is a new technological trend, considered as the next evolution 

of the Internet. Its impact is expected to affect our business, societies and wider culture. The 

technology however is still in its early days and several stumbling blocks need to be overcome. 

In the scope of interoperability and integration of new IoT data stream (stemming from IoT 

devices) in an existing IoT ecosystem, this thesis proposes a new methodology to automate the 

integration process of smart objects. Our proposed methodology uses domain ontologies and 

sensor description ontology to support the automation process. The proposed methodology is 

furtherly applied in the development of a proof of concept system, called Standard-based 

WrApper Generation for Internet of Things (SWAG-IoT). The SWAG-IoT system enables a 

new IoT data stream to be properly annotated through the use of W3C-based semantic 

technologies and integrate its data using open standards such as O-MI/O-DF into a wider IoT 

ecosystem. We demonstrate the efficacy of this system in the context of green ICT application 

namely air pollution monitoring. The report presents the used methodology, the system 

architecture and implementation. A proof-of-concept implementation of SWAG-IoT system 

and evaluation of the system performance is included. A discussion on the future possibilities 

concludes the thesis. 
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1  INTRODUCTION 

 

The term “Internet of Things” has gained widespread attention in recent times. Most people, 

including people with non-technical background, have encountered these words in the form of 

a device or service that is termed as “smart”. The rising trend of the technology promises a 

bright future for it, where predictions estimate a massive spending of 3 Trillion USD on IoT 

devices by 2020. Regardless of the predictions a complete technical definition of IoT is still 

vague, even though it is considered as one of the most “Disruptive Civil Technologies” by US 

National Intelligence Council[2].   

 

The fuzziness that characterizes “Internet of Things” originates on the name itself. Different 

parties, stakeholders, research and standardization bodies have created a different vision for 

the future of this technology. The approach they follow is even from the “Internet” concept or 

the “Thing” concept. Despite that, as Fig.1 shows, the most accurate description is a more 

complex, converged one.  

 

                                                         Figure 1. IoT paradigm as a merge of visions[3] 
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Regardless the differences in vision conceptualization, there is an agreement upon the issues 

that are involved. The heterogeneity that characterizes IoT is associated with cross-domain 

security, integration and data manipulation problems that require a solution. 

 

Recently, the research is focused on domain-independent integration of devices and 

services[3][4]. A combination of Semantic technologies with novel communication protocols 

can create the necessary means for the heterogeneous IoT systems to have a common 

understanding of the information they produce. Also, this combination of technologies can 

enable the autonomous exchange of that information. 

 

In the spirit of finding better solutions for increased interoperability of IoT systems, this thesis 

proposes a new methodology on how to integrate IoT data-streams (including devices) into an 

existing IoT ecosystem. This methodology is based on open-standards, including W3C 

semantic sensor standards[5] and Open Data Standards (OMI/ODF)[6]. In addition, a system 

named Standard-based Wrapper Generation for IoT (SWAG-IoT) is proposed as a proof of 

practicality of our concept.  The SWAG-IoT system enables a new IoT data stream to be 

properly annotated using W3C-based semantic technologies and integrate its data using open 

standards such as O-MI/O-DF into a wider IoT ecosystem, without immediate human 

involvement. The performance of SWAG-IoT is evaluated, based on several criteria. To 

demonstrate the efficacy of the developed SWAG-IoT system, we implement and demonstrate 

a smart sensing bike solution in the context of air quality monitoring in smart cities. Growing 

urban air pollution in smart cities and its deteriorating effect on human health served as an 

incentive for the choice of case study[7], [8]  to demonstrate the SWAG-IoT system. 

                              

   1.1 Motivation 

 

In 2015, United Nations Framework Convention on Climate Change (UNFCCC) adopted the 

Paris Agreement, a legally binding framework, that aims to minimize climate change effects 

[9]. Parallelly, Global e-Sustainability Initiative released its third report Smarter2030, which 

analyses the potential of ICT to transform business-as-usual models towards more sustainable 

solutions[10]. The two documents are part of the same bigger picture. While the objectives are 

clearly defined in the Paris Agreement, it is ICT solutions proposed in GeSI report that can 

help nations to implement them in practice [11]. 
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On the other hand, the same ICT solutions imply new business opportunities. The EU-funded 

project bIoTope[12] is the incarnation of the idea that ICT can contribute to a more sustainable 

society and create new business models at the same time[12]. 

 

An important application that will benefit from the new ICT solutions is Air Quality 

monitoring. Indoor and Outdoor air pollution are main contributors to the large global burden 

of respiratory and allergic diseases, including asthma, chronic obstructive pulmonary disease, 

pneumonia, and possibly tuberculosis[8]. The utilization of pervasive Air monitoring systems 

can enable its users to make better decisions, improve urban areas and build new services on 

top of the same information flow.  

  In a nutshell, the motivation of this work has its foundations on the capabilities of pervasive 

systems to transform our societies towards a sustainable, circular model. To achieve the 

ultimate objectives of human society, we need improved decision making. The only way to 

make those decisions better is through knowledge and information. 

 

   1.2 Scenario 

 

This thesis work is considering the automation of O-MI/O-DF wrapped message generation for 

smart objects, that want to become part of a certain ecosystem. An IoT ecosystem, in analogy 

with a biological ecosystem, is defined as the environment where a community of entities and 

enterprises are linked together through information and monetary flows. An example of such 

ecosystem is the one developed by bIoTope project[12]. Normally the integration of such 

objects requires the manual description of its internal and external capabilities. This process is 

time consuming and prone to human errors. In this section is included a description of the 

scenario and its main characteristics. 

 

More than 60% of the world’s population lives in urban areas. The high concentration of people 

in small areas increases the vehicle concentration and industrialization of the area. The 

combination of these two facts has led many cities to suffer from air pollution. The presence 

of uncommon particles in urban environments has raised the alarms, after studies conducted 

the last two decades have proved the harmful effect they have on human’s well-being. Several 
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epidemiologic studies have reported a relation between residential proximity to traffic and 

various respiratory or neural diseases, mainly on children [13][14][15][16]. 

 

Traditionally air quality monitoring is performed from stationary stations spread on a certain 

area. This model of collecting information is effective when it is applied on relatively 

homogenous areas, but if we consider a vast, highly populated and diverse urban area, common 

sense leads us to believe that air quality will vary considerably in smaller distances.  

 

The bad spatial coverage of stationary stations has led to the idea of mobile stations, which has 

gained a new dimension due to recent technological developments. The dropping prices of the 

embedded technologies, in combination with the concepts of crowdsensing, have merged 

together to the idea of smart sensing bikes. In this scenario a smart sensing bike is defined as 

an object, which is equipped with embedded sensing devices. Furthermore, it is capable of 

exchanging information in the internet.  

 

In the proposed scenario bikes are serving as mobile air monitoring stations for real-time 

acquisition of user generated geographic content. Embedded sensors on the bike will 

crowdsource collected data for personal and public use. This knowledge is intended for public 

consumption. The main consumers of this information are citizens, for their daily activities, 

and governmental agencies for their policy decision-making. In the context of crowdsensing, 

the produced information requires to be shared with the city’s IoT ecosystem, preferably in 

real-time.  

 

Because of the heterogeneous composition of the ecosystem, the existence of a description of 

the data stream that the bike generates is required. Based on this description, the sensor values 

are annotated in a standardized way and they are published in the ecosystem. In our scenario 

we consider the case where the bike is new, and the ecosystem does not have any descriptive 

information about it. Theoretically, the smart sensing bike simulates the potential issue where 

an object attempts to join an IoT ecosystem for the first time. In this way, the scenario tries to 

demonstrate a possible integration need of future IoT objects.  

 

The reasons for using a bike for mobile air monitoring purposes are several. Firstly, the pattern 

of bike usage is highly concentrated on urban areas. Also, they are popular to a wide range of 
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ages, which can increase the participation of citizens. Finally, a bike cannot affect the results 

of air quality parameters on itself, because there are no emissions of any kind. 

 

 

   1.3 Problem Definition  

 

The core problem of this work is the automatic integration of new data streams in an ecosystem 

of interconnected smart devices. An ecosystem contains heterogeneous devices from different 

domains and vendors that produce heterogeneous data streams. A basic requirement to make 

those devices communicate is to identify them and annotate the data they produce. Performing 

the annotation process manually requires a certain level of expertise and is characterized by a 

moderate learning curve. Consequently, the description of a new data stream is a repeated, time 

consuming process that lacks flexibility and is prone to human errors.  

 

A standardized automatic process can offer flexibility, less errors and minimize the effort of 

manual processes. The merge of semantics with reasoning technologies can create a backbone 

knowledge-base for identifying a new object and annotating the data it produces.   

 

1.3.1 Research Question and Objective 

 

The motivation of this work is the main initiative to find an answer to the already defined 

problem. The question that needs to be answered from this research is: 

 “How can the utilization of Semantic technologies improve the integration and interoperability 

issues of new, unidentified objects?” 

The answer of this question will provide the solution for the defined problem. The answer will 

be formulated based on literature review and the development of a distributed system that will 

be used as a proof-of-concept.  
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1.3.2 Research Objective 

 

Following the same logic as the research question definition, the objective of this work can be 

formulated as follows: 

“Develop a middleware CASE tool that will automate the integration process of physical layer 

components with the higher levels of an IoT ecosystem reference architecture, by utilizing well-

established knowledge bases in the context of a sustainable application “ 

 

1.3.3 Research Methodology 

 

The research methodology for the Software Development Lifecycle has an iterative nature [17]. 

The initialization of the development marks the beginning of several iterations over 

requirements analyzation, designing, implementing and finally verifying the implementation.  

A final general testing was done for the whole system to check the initial requirements 

satisfaction degree. Applying Iterative methodology allows the development of a prototype in 

a steady, short period of time. The periodical verifications allow the frequent refinement of the 

original design and requirements. 

 

 

                                             

                                           Figure 2. Iterative Lifecycle Model[17] 
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   1.4 Project Scope  

 

Part of the thesis scope is the development of a software tool that will automate the generation 

of O-MI/O-DF wrappers for new data streams. In addition, this project is concerned with the 

development of the hardware part, which includes sensing devices, their calibration process 

and communication protocols. Also, part of the project is the development of a knowledge 

base, that will be described in the following chapter. Finally, the project has its foundations on 

the concepts of sustainability and green ICT applications. 

 

   1.5 Contribution  

 

The thesis contributions can be listed as follows: 

1. We propose a methodology based on open standards including W3C semantic sensor 

standards and Open Data Standards (OMI-ODF) to integrate new IoT data streams with 

an existing IoT ecosystem (that we assume is based on the W3C and Open Standards) 

2. We propose, Standard-based WrApper Generation for Internet of Things (SWAG-

IOT), a system that integrates new IoT datastreams automatically using the proposed 

methodology (with no human involvement) 

3. A Proof of concept implementation and demonstration of SWAG-IoT in the context of 

a green ICT application namely mobile air pollution monitoring 

4. Evaluation of the system performance of SWAG-IoT system 

5. The system is accompanied by a set of data produced during the testing phase in 

Melbourne’s urban and suburban areas. 
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   1.6 Thesis outline 

 

The rest of the document is organized as follows: 

Chapter 2- Related Work and Theoretical Background. The purpose of the second chapter 

is to build up the theoretical foundations of the project and review the most relevant related 

works.  

Chapter 3- Semantic modelling by using Ontologies. Describes the theoretical procedure of 

developing an Ontology. 

Chapter 4- SWAG-IOT System Architecture. Discusses the general architecture of the 

proposed system and the developed algorithm. 

Chapter 5- SWAG-IOT System Implementation and Evaluation. The theoretical solutions 

included in the third chapter are implemented practically. A description of the implementation 

is presented in this chapter. Also, the final product is tested and evaluated based on several 

criteria. 

Chapter 6- Conclusion and Future Work. Conclusions are drawn and a discussion on the 

future work is conducted. 
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2 RELATED WORK AND THEORETICAL BACKGROUND 

 

The second chapter presents the theoretical background and related work of the thesis. In the 

first section the fundamental concepts of IoT and IoT ecosystems will be defined. Afterwards, 

the scope will expand towards the interoperability issues of IoT. The relation of urban air 

pollution and health problems will be treated in the third section. Finally, the last section will 

present several similar projects, where Smart bikes were used for air monitoring purposes. 

 

2.1 Internet of Things  

 

Internet of Things (IoT) is defined by Gardner [18] as:  

“The network of physical objects that contain embedded technology to communicate and sense 

or interact with their internal states or the external environment.”  

After the static web and the social media networking, Internet of Things is considered as the 

third generation of the internet. Its fast-paced, uprising trend is believed to continue in the next 

decades and is predicted that by 2050 there will be 50 billion connected devices[19]. There is 

a plethora of different definitions for IoT, but three of the most popular are: 

• Gardner [18]defines it as: “A network of physical objects that contain embedded technology 

to communicate and sense or interact with their internal states or the external environment.” 

• Vermesan et al.[20] has a more simplistic definition, where IoT represents the interactions 

between the physical and digital world. 

• Another definition by Peña-López et al. [21] says that “The Internet of Things as a paradigm 

in which computing, and networking capabilities are embedded in any kind of conceivable 

object.” 

 

A “thing” in the IoT context can be a person with a wearable device, a crop field with moisture 

sensors, an automobile with embedded sensors or any other natural or man-made object.  The 

term “Internet of Things” was first introduced in 1999 by Kevin Ashton to describe a system, 

in which objects in the physical world could be connected to the Internet by sensors. The term 

was used to illustrate the power of connecting RFID tags, used in corporate supply chains, to 

the Internet to count and track the products without the need for human intervention. Today, 

the Internet of Things has become a popular term for describing scenarios in which Internet 
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connectivity and computing capability extend to a variety of objects, devices, sensors, and 

everyday items[22], [23] . 

 

The idea of connected things has existed for approximately half a century, but there are some 

new technologies and market trends that are currently revolutionizing IoT[22]: 

• Ubiquitous Connectivity—Low–cost, high–speed, pervasive network connectivity. 

• Miniaturization— The advances in manufacturing technology has led to the ability to 

incorporate high processing capabilities to smaller devices without undermining 

performance. This is especially noted to the sensor and processor technology.  

• Advances in Data Analytics— New algorithms and rapid increases in computing power, 

data storage, and cloud services enable the processing and manipulation of high volumes 

of data. 

•     Rise of Cloud Computing– Cloud computing, which leverages remote, networked 

computing resources to process, manage, and store data, allows small and distributed 

devices to interact with powerful back-end analytic and control capabilities. 

  

2.1.1 IoT Architecture 

 

The architecture of an IoT system is a highly disputed topic. In the embryonic phase of the 

idea, a three-layered architecture was proposed. This simplistic model provides a generic view 

of the IoT. With the advancement of the research in this area, the three-layered model appeared 

to be insufficient, so a new five-layered architecture was proposed [24].  

                                     

                               Figure 3. The two versions of IoT architecture                                   
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In the first model the three layers are: 

a) The perception layer is the physical layer, which has all the sensing devices for bridging 

digital with physical world. 

b) The network layer is responsible for connecting to external devices. It is also responsible 

for transmitting and processing sensor data. 

c) The application layer is responsible for delivering application specific services to the user 

such as: smart homes, smart cities, and smart agriculture. 

 

 On the other hand, the five-layered architecture has a more granulated view, so there are three 

new layers with the following functionalities: 

 

a) The transport layer is responsible for transferring the sensor data from the perception to 

the processing layer and vice versa through networks such as wireless, LTE, LAN and 

Bluetooth. 

b) The processing layer is also known as the middleware layer. It stores, analyzes, and 

processes huge amounts of data that comes from the transport layer. It can manage and 

provide a diverse set of services to the lower layers. It employs many technologies such 

as databases, cloud computing, and big data processing modules. 

c) The business layer is responsible for managing the whole IoT system, including 

applications, business and profit models and user’s privacy. 

 

2.1.2 IoT ecosystems 

 

Despite their granularity level, IoT architectures have a vertical approach. Nowadays, an IoT 

solution provided by any enterprise consists on privately owned physical devices, services and 

decision-making policies. This leads to a constrained information flow inside a single system, 

that travels upwards or downwards inside the layers of the same architecture. For example, in 

Fig. 4 are graphically illustrated nine main sectors and their organization in vertical structures. 
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                                                        Figure 4. The vertical silos 

 

Even though the vertical business model is a secure solution, its usage in the IoT domain is 

associated with several drawbacks: 

1. It is not a sustainable approach. The acquisition of the same information from different 

entities, requires the deployment of the same system multiple times. This generates higher 

amounts of data and increases the costs of energy, maintenance and deployment. 

2. IoT requires communication between different systems, organizations and heterogeneous 

devices, while in the vertical business-model communications are mainly local M2M. 

3. From the user perspective, the market appears to be segmented. 

 

To unleash the real potential of IoT, a bridging of the vertical silos is required. The integration 

on a system level, rather than on the hardware, would allow the creation of horizontal silos. As 

a result, a System of Systems is obtained in a higher abstract level. The interconnection of those 

separated technological islands will bring to life a new business model, where new IoT services 

will be developed.  

 

The new abstraction layer of System of Systems is known as an IoT ecosystem. In analogy 

with a biological ecosystem, an IoT ecosystem is defined as the environment, where a 

community of entities and enterprises, that act as consumers or providers, are linked together 

through information and monetary flows in the form of an offer. Based on the direction of the 

flow, those entities might be in the role of a consumer, a provider or both. Fig. 5 illustrates an 

IoT ecosystem in a Smart City, where a variety of services are integrated together. 
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                              Figure 5. A graphical representation of an IoT ecosystem [12] 

 

An offer identifies a set of IoT resources, such as information provided by physical devices or 

actuation tasks that are made available for consumption in an IoT ecosystem. A certain entity 

that makes available its resources in the form of an offer is a provider (Fig.6). In the role of a 

provider might be a platform an enterprise or a service that has accessible resources through a 

common API. Consumers discover and subscribe to those offers of interest that are published 

in the common ecosystem of IoT services. A consumer might be an application, a service or a 

user [25] . 

 

An offer consists on a description of the provided resource, spatial and temporal information 

and is accompanied by a set of information on how to access this resource (e.g., endpoint URL, 

HTTP methods etc.). To increase interoperability between different IoT platforms, the offers 

are registered in a computer-interpretable manner, for example RDF models. Consumers 

discover the offers by querying the offer they are interested in. As a result, a virtual information 

bridge is created between previously segmented IoT systems. 
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                 Figure 6. Schematic representation of the flows inside an IoT ecosystem 

             

On the other hand, the architecture of an IoT ecosystem consists of seven layers, as it is shown 

in the Fig.7. The lowest layer represents the different segments of IoT market. Each market is 

built up on hardware devices, which are described in the acquisition level. The third layer holds 

the means of networking that these devices use to interconnect to the upper levels of the 

architecture. The provided data from different sources is integrated and analyzed by using 

machine learning, data mining or predicting techniques. The results are used to feed the 

applications that are built on top of the generated information. Finally, the user services are 

created, such as entertainment and health services. An ordinary user interacts only with the 

services of interest and does not possess any of the physical devices or the knowledge of the 

background processes[19], [26] .  
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                             Figure 7. The layered architecture of an ecosystem 

                              

 

2.2 Interoperability in the IoT domain 

 

The concepts of silos and System of Systems were presented in the previous section. The 

creation of these abstraction levels requires high interoperability between the different 

components. The literature review, which is presented in this section, helps to better understand 

the issue of interoperability and its fundamental role to the creation of IoT ecosystems.  The 

collection of related works is categorized as follows:                                                                                                                                                                   

1) Interoperability in the IoT domain 

2)  Syntactic Interoperability 

3) Semantic Interoperability 

 

1) Interoperability in the IoT domain 

 

The Internet of Things is characterized as a highly heterogeneous domain, that brings together 

an unprecedented diversity of hardware devices and software ecosystems. Fostering 

communication in an environment of this kind requires high levels of interoperability. 

Interoperability is defined as the extent by which two systems from different vendors can rely, 

operate and reuse information from each other[27]. As [4] mentions “Interoperability is crucial 

in the creation of seamless programmability so as connectivity can be fully realized”. 
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According to IERC AC4 (European Research Cluster on the Internet of Things),[28][29][30] 

Interoperability is categorized in four dimensions: 

 Technical: The physical and software compatibility of the devices including the protocols used 

to communicate between the devices[31]. 

Syntactical: Syntactic interoperability is the ability for two systems to communicate with each 

other using a set of specified data formats, languages, and protocols for example, using the 

XML-formatted messages. 

Semantic: The ability of two systems to automatically interpret the meaning of information in 

the same way. For example, a humidity sensor would be able to communicate semantically 

with a device if both of them use the same units of humidity[32]. 

Organizational: The requirement for the industries to maintain the same pattern of 

organization[33]. 

 

The research scope of the thesis work includes the Syntactic and Semantic Interoperability. For 

this reason, the review of related works will focus on those two categories.   

 
 

2) Syntactic Interoperability 

 
 

Syntactic Interoperability refers to the standard-based packaging and transmitting mechanisms 

of data for loosely coupled information flows between any kind of device or information 

system. As [34] cites, this is an ongoing issue  to be solved “due to the lack of sufficiently 

generic and standardized interfaces for creating the needed information flows between all 

devices and systems that the IoT is composed of”. The same study describes furtherly the 

requirements that need to be met by such interfaces. Finally, they propose two standards, O-

MI/O-DF [6] created by the Open Group as potential candidates that fulfill those requirements. 

Karpenko et. Al. [19]in her work, as part of the bIoTope project [12], has provided a 

comparison of those open standards with existing, popular standards, such as MQTT, CoAP, 

XMPP. The comparison was based on the requirements defined in[34] and a framework 

provided by[35]. The paper concluded that O-MI/O-DF is the most suitable standard for IoT 

applications.  
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3) Semantic Interoperability 

 
 

Technical and Syntactical interoperability were in the focus of the research the recent years. 

AIOTI Working Group 3 considers that currently one of the most important topic is on the 

semantic interoperability[30]. Semantics are vital for IoT interoperability to guarantee that the 

meaning of terms in one device or system are not altered or lost when they are used by other 

devices or systems[27]. 

 

In [30] an architecture for processing heterogeneous machine data is described. It uses sensor 

gateways for protocol translation, and aggregation gateways to add in semantics to measured 

data. 

 

In [36]the OpenIoT platform is used for digital agriculture use case. Semantic Interoperability 

of the platform is made possible by using ontologies to represent domain concepts annotation, 

and validation processes. 

 

The purpose of  [37] is to create a tool that facilitates the creation of Internet of Things systems 

using ontologies and through this model generate code automatically to pre-automate the 

integration of devices in the FIWARE middleware platform.  

 

In[38] authors describe the context of IoT by defining the context of the things which is 

composed by different elements such as the type of the thing, its location, max response time, 

battery level, output etc. the work reuses a set of ontologies such SSN, OWL-Time, GeoNames 

ontology. The project[39] has developed a Real-Time IoT Data Stream Annotation by using 

Knowledge bases. 

 

In [40] the authors have developed a semantic-based Machine-to-Machine Measurement 

approach to automatically combine, enrich and reason about M2M data to provide cross-

domain M2M applications. 
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2.3 Urban air pollution and health 

 

Ambient air pollution is an inevitable side effect of industrialization and densely populated 

cities. Outdoor air pollution is main contributor to the large global burden of respiratory and 

allergic diseases, including asthma, chronic obstructive pulmonary disease, pneumonia, and 

possibly tuberculosis. Nearly 3 million deaths worldwide are attributed to air pollution, while 

92% of the global population lives in a place that exceeds the air quality guidelines [41]. 

The air parameters are categorized as physical and chemical. Part of the physical parameters 

are temperature, humidity, pressure, wind direction and velocity[42]. Chemical parameters are 

considered any substance that comprises the air. If the levels of a certain substance are higher 

than the normal fresh airs levels, then the gas is considered a pollutant.  

 

                                Figure 8. The main sources of air contamination 

                                 

The main sources of those pollutants are categorized as Biomass Fuels (BMF) and Traffic 

Pollution (TRAP). The burning of wood, charcoal, dung, crop residues, and other raw plant 

materials for cooking, heating, or both is considered as a BMF pollution. TRAP is caused by 

vehicles and industrial facilities that burn fossil fuels for their core functionalities. Even though 

BMF and TRAP are different, the pollution they cause has a similar composition including 

particulate matter (PM), carbon monoxide, nitrogen oxides, and scores of toxic organic 

compounds, such as formaldehyde, acrolein, and polynuclear aromatic hydrocarbons [8]. 
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Based on World Health Organization and Australian Department of Environment and Energy 

some of the documented harmful pollutants are ozone (O3), nitrogen dioxide (NO2), carbon 

monoxide (CO), sulfur dioxide (SO2), particles (PM10, PM2.5), carbon dioxide (CO2) and 

lead. In addition, some aromatic hydrocarbons might be disturbing or indirectly life-

threatening, like ammonia or H2S [43]. In Fig.8 are depicted the main air pollutants and their 

source of emission.   

 

The health and environmental issues caused by ambient air pollution have forced National and 

International agencies to map, monitor and improve air quality. The OEH program (Office of 

Environment & Heritage) in New South Wales and EPA are some of the governmental agencies 

that have deployed networks of air quality monitoring in Australia. The need for urban air 

monitoring is real and so it is the need to develop cheaper, more efficient ways to collect and 

distribute this information. 

 

2.4 Air Pollution and existing Smart Bike Projects 

   

The concept of Smart Bikes for air monitoring purposes has been treated in previous works. 

Three of the most notable experimental projects are SensorWebBike, Collaborative Bicycle 

Sensing and Aeroflex. These projects were developed in the time span between 2014 and 2015.  

In more details, SensorWebBike is an Open Data project developed in Italy in 

2014(Fig.9(left)). It consisted of an Arduino board, which measured and stored data in a 

Geodatabase accessed by a Web application.  Air quality was mostly evaluated based on the 

concentration of traffic related gases (CO2, CO, NO2, CH4 and O3) together with temperature, 

Figure 9. (Left) SensorWebBike hardware (Right)Collaborative Bicycle Sensing Architecture 
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humidity and noise. Measurements were tagged with time and geolocation information through 

a GPS module, while the communication was done by using a GPRS module [44]. 

  

Collaborative Bicycle Sensing, developed in 2015 in China, followed the same guidelines with 

SensorWebBike, but with some essential differences. Firstly, they developed their idea around 

public bikes. Also, they integrated different sensors, focused on Dust concentration, 

Gasoline/Diesel sensing and particles sensing through an aerosol sensor. The box device was 

calibrated by the help of a professional static station and communicated the data through GPRS 

for live measurements or Bluetooth the moment that the bike was connected again to its own 

station (with an average of 30 minutes delay). After that, the processing and manipulation of 

data was done normally, calculating average values and storing them in a database for public 

use.  They concluded that the data were relatively accurate compared to the data provided from 

the professional stations, but it was also admitted that accuracy was affected by the bike 

movements, the chosen routes and since the bikes were public, the range of measurement was 

small [45] . 

 

                                               Figure 10. Aeroflex bike project 

                                                                        

Aeroflex bike is the product of a work presented in [46] and conducted in Antwerp in 2015. 

What differentiates this initiative from its concurrent is the properties and high quality of the 

sensing devices. By using high end devices, it was possible to sense different kinds of Ultra 

Fine Particles, CO, noise, Black Carbon, implement a camera, humidity, temperature, 

geolocation etc. and transmit the data through GPRS, WIFI or log them to a notebook locally.  
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New sensing devices could be flexibly integrated, because of support for USB connection.  

They also implemented a plethora of practical features, like constantly checking if devices 

work properly    through     GUI, pre-processing of data (validation, correction and integration), 

visualization of raw and processed data.  

                                               

Despite the rich and accurate air monitoring parameters, all the projects in both categories apply 

similar architectures and technologies. This similarity is the capstone of their collective 

drawback. The following list mirrors their main limitations: 

➢  The systems are hardwired, and they require homogeneous/identical mobile stations. There 

is no easy way to integrate data from a station that is not the same as the one the system was 

created for. 

➢ The information is stuck between the database and the web application. Their platforms do 

not have the capabilities of an open platform where new services can be created. 

➢ The information flows in a vertical direction while horizontal integration is not considered in 

none of the projects. Next subchapters describe furtherly what a vertical and horizontal 

information flow means. 

 

2.5 Summary 

 

To summarize, the second chapter started by defining the concepts of IoT and its ecosystems. 

A review of related works helped to shed light on the interoperability issues inside IoT. The 

review focused on related works that were concerned with the Syntactic and Semantic aspect 

of interoperability. Furthermore, the link between urban air pollution and health complications 

was drawn. Finally, the chapter provided a review of similar implementations, that helped to 

identify room for improvement, in terms of interoperability.  
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3 COMMUNICATION STANDARDS 

 

An ideal ecosystem is unaffected from the heterogeneity that characterizes each system. This 

mean that despite the hardware, platform, producer, operating system or version, every 

communication should occur smoothly and without human intervention. As the previous 

section described, the problem of interoperability is far from ideal. The main reason is that the 

biggest players in the IoT market, such as Google, Microsoft, IBM etc. develop, promote and 

protect their own hardware, standards and technologies.  

 

The development of a communication standard for IoT that can glue together all the pieces into 

a highly interoperable ecosystem is a valid solution. Different standardization bodies and 

enterprises have launched their own messaging standards. The next section will present and 

compare some of the most popular communication standards. 

 

3.1 Existing Communication Standards 

 

The creation of a heterogeneous IoT environment requires different types of communication. 

To begin with, devices should be able to communicate with each other (Device to Device). The 

data generated from these devices needs to be sent to servers, so the necessity of a direct 

Device-to-Server (also known as Device to Cloud) or a Device-to-Gateway (D2G) 

communication arises. Finally, the collected information needs to be shared with other servers, 

analysis programs or humans.  This requires a S2S (Server to Server) communication. The 

usage of a messaging standard to fulfill the needs of all three types of communication is 

obligatory[47].       

 

There are several existing messaging protocols that have a high popularity. Despite that, they 

specified on a certain level of communication. For instance, and XMPP are mainly used for 

D2S communications, where data is collected from the devices and is sent to the servers. On 

the other hand, DDS and CoAP protocols are specialized on D2D communications. The S2S 

communications is handled by AMQP protocol. All these protocols claim to be real-time 

publish-subscribe IoT protocols. They have a M2M binary nature and they use TCP/UDP as 

underlying protocols. Most importantly, they are not intended for any other kind of 

communication rather than M2M. This makes they application on a System-of-Systems 
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scenario impractical or even impossible [48][49]. In the following sections will be presented a 

detailed description of those standards. 

 

                        Figure 11. A graphical illustration of the horizontal silos 

                             

• MQTT 

 

Message Queue Telemetry Transport is a protocol designed by IBM for usage by constrained 

devices in low-bandwidth and unreliable networks. Its aim is to collect the data from IoT 

devices in a single place and make it accessible by the enterprise IT infrastructure. MQTT main 

target are large networks of small devices that require remote monitoring. 

Device-to-device transfers and multi-recipient messaging are out of the MQTT scope. The 

clear, single application purpose of MQTT is followed by only a few control options. MQTT 

is promoted as real-time, but, the typical transmission times are measured in seconds[49]. 

  A system that is organized around MQTT protocol contains three components: the publisher, 

the subscriber and the broker. The low-level devices, such as sensors are in the publisher’s role. 

They send their measurements to the connected broker in regular intervals. On the other side, 

the subscribers are applications that are interested on collecting some of these data in the form 

of a subscription to the specified broker. The role of the middle man broker is to collect, sort 

and update the subscribed applications[19]. 

Two of the main disadvantages of MQTT are the high complexity that occurs when is applied 

to computationally simplified devices, because of the required TCP support. In addition, the 
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centralized nature of the protocol architecture, with broker in the middle, can create the 

problems of bottleneck or single point-of-failure. 

 

  

                          Figure 12. Architectural illustration of the MQTT protocol 

                               

• XMPP 

Extensible Messaging Presence Protocol initial design was for connecting people through 

instant text messages. It has been standardized and used over the internet for more than a 

decade, while recently, it has been reused for IoT applications. The reason of bringing XMPP 

standard on IoT domain is because of the extensibility that offers its XML format.  

 

                                                Figure 13. XMPP protocol                                                
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In contrast with MQTT, XMPP supports publish/ subscribe and request/ response architectures. 

One of the main advantages of XMPP is its human-readable addressing scheme 

name@domain.com. In the IoT context, this is an important feature, because it is an efficient, 

easy way of addressing devices located in distant, unrelated points. 

 

The utilization of XMPP in the IoT domain is associated with some important issues. Firstly, 

it does not provide any QoS guarantees, which makes it not practical for machine-to-machine 

communications. Also, the XML format adds additional overhead (e.g. headers and tags) which 

increases the power consumption. This is especially critical for small devices that run on 

batteries, such as sensors.  Finally, from a human point-of -view, XMPP is perceived as “real-

time”, but it is quite slow for a device-to-device communication[49][26]. 

 

• CoAP 

 

The Constrained Application Protocol is a protocol designed by IETF Constrained RESTful 

Environment working group. The main purpose of CoAP is to provide a lightweight RESTful 

interface for low-power applications. The function of REST is to create an interface between 

HTTP clients and servers. However, the significant overhead that may result from REST, is 

not efficient for lightweight applications such as IoT [26]. The usage of CoAP can enable low-

power sensors to use RESTful services without undermining their power limitations. To 

achieve this, CoAP eliminates the overheads of TCP, by using User Datagram Protocol (UDP).  

 

CoAP architecture is divided in two sublayers: messaging and request/response. The function 

of messaging sublayer is to ensure reliability and duplication of messages, while the 

request/response sublayer is responsible for maintaining the communication. As Fig.14 

illustrates, CoAP has four messaging modes: confirmable, non-confirmable, piggyback and 

separate. The confirmable and non-confirmable modes are mainly used in reliable and 

unreliable transmissions respectively, while the other modes are used for request/response. 

Piggyback mode is used for client/server direct communication where the server attaches the 

acknowledgement with the response and sends them as a single packet. On the other hand, the 

separate mode is used when the server response comes in a message separate from the 

acknowledgment and may take some time to be sent by the server[26]. As in any RESTful 
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application, CoAP uses GET, PUT, PUSH, DELETE messages requests to retrieve, create, 

update, and delete, respectively. In addition, CoAP supports multicasting[19].  

 

                                       Figure 14. Messaging modes of CoAP 

                                             

• DDS 

 

Data Distribution Service (DDS) is a publish-subscribe protocol that is used for D2D 

communication. It was developed by Object Management Group (OMG) for data distribution 

between IoT devices. In contrast to MQTT, it has high levels of QoS and because of the 

elimination of the one point of failure created by the broker. [26]Therefore, is immune to the 

bottleneck problems that other protocols suffer. DDS is considered suitable for IoT and D2D 

communications, because it can efficiently send millions of messages per second to many 

devices simultaneously. One of DDS unique features is the ability to filter and select the data 

for each receiver. The existence of a lightweight version of DDS extends the scope of suitability 

to power constrained devices. 

 

DDS has two sublayers: publish/subscribe, which is data-centric, and reconstruction sublayers, 

which is data-local. The responsibility of the publish/subscribe sublayer is to deliver messages 

to the subscribers, while the second one is designed for easier integration of DDS to the 

application layer. The publisher layer consists of two parts: data writer and data reader, which 

implement the functionalities of the missing broker. 
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The Data is communicated between devices by using a relational data model. It is called "Data 

Bus" communication and is considered as the networking equivalent of a database. Data bus 

acts in a similar way with a database. It controls the data updates and data access by thousands 

of simultaneous users. This feature of DDS is suitable and needed by the high-performance 

devices that work together as a unified system in complex real-time applications[19]. 

 

• AMPQ 

 

The Advanced Message Queuing Protocol is considered as a suitable protocol for IoT 

applications. AMPQ is a session layer protocol that was initially designed for financial 

applications. It runs over TCP and follows a publish/ subscribe model architecture, which 

resembles the MQTT architecture. 

   

AMPQ is distinguished from MQTT because the broker is divided into two parts: exchange 

and queues. The exchange acts as a buffer. The published messages are stored and distributed 

to queues based on pre-defined roles and conditions. Queues represent the topics where 

different subscribers wait for the data when it is available in the queue [26]. 

This protocol is mostly used for S2S communications. Its usage in a more general context for 

IoT applications is practically not efficient because of it is a complex and heavy protocol for 

low-power devices. 

             

                                    Figure 15. The diagram of AMPQ protocol                                    

3.2 O-DF and O-MI communication standards 
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The described communication standards are frequently included from the major software 

vendors in their systems to achieve an end-to-end intra-platform connection. As a result, 

standards compete with each other for market dominance. To solve the issue, the Open Group 

standardization body published two new standards, Open Data Format and Open Messaging 

Interface. O-MI and O-DF standards emerged out of past EU FP6 and FP7 projects (e.g., 

PROMISE FP6, Linked Design FP7), where real-life industrial applications required the 

collection and management of product instance-level information for many domains involving 

heavy and personal vehicles and household equipment. [47]The main goal Open Group     

Internet of Things (IoT) Standards have been developed is to fill an interoperability gap 

between the vertical silos as it is explained in the published paper “An Introduction to Quantum 

Lifecycle Management (QLM)”. In contrast to the existing standards, O-MI/O-DF operate in 

an API integration level, which is considered as a fundamental block for IoT. Also, the specific 

role that these new standards have enables them to complement the existing ones rather than 

compete with them. [47] 

 

The role that O-MI/O-DF try to play in the IoT domain has been frequently compared to the 

role of HTTP/HTML in the web. O-DF represents the information in a standardized way that 

is readable by humans and the majority of information systems [6].O-MI is an analogue of 

HTTP for the Web, as it can transmit the text-based representations payloads between the 

devices and information systems in any format[6] .The next two paragraphs will describe in 

more details these two standards in terms of structure and use cases. 

 

 

• Open Data Interface 

 

Open Data Format (O-DF) is a standard for representing payload for IoT applications. It was 

developed by the Open Group to generally describe IoT objects such as devices and services, 

independently from the application or the context. The transportation of the O-DF payload is 

not part of the standard itself, which means that messages can be transported by any network 

protocol or even by using external flash memories. [6] 
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                                       Figure 16. Hierarchical structure of O-DF 

                                          

The specification of O-DF is done by using XML schema, designed to create similar 

information structures as in Object-Oriented programming. A typical O-DF payload has a 

hierarchical structure with an Objects root element on the top of the hierarchy. This element 

can contain an infinite number of sub-elements named Object. Each Object element must have 

a compulsory unique ID sub-element and a type attribute, which specifies what kind of object 

it is. The ID should be globally unique or at least unique for the specific application, domain. 

The properties that characterize each Object element might be in the form of an InfoItem sub-

element or another Object. If we continue ascending the hierarchical structure, we will find the 

MetaData sub-element, which describes an InfoItem through a similar structure and contains 

names, units and values that are derived from the InfoItem context. Metadata is usually required 

when the corresponding InfoItem is unknown. [50] The Fig.17 illustrates a graphical 

representation of the main relations inside an Object and an InfoItem element. [6] 
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              Figure 17. Schematic representation of attributes of an InfoItem and an Object 

 

The implemented hierarchical structure of O-DF makes it a good fit for usage in RESTful 

services. The information exchange can consist on a simple URL-based (Uniform Resource 

Locator) for information discovery and queries. As a demonstration, a HTTP GET request 

might be formulated as: wget URL/REST/Objects query. The response would be an O-DF 

message, similar to the one in Fig.18, that lists all the available objects.  

                              

                                Figure 18. Examples of O-DF messages 

                         

To continue drilling deeper in the hierarchy, the returned elements can be used as: wget 

URL/REST/Objects/Refrigerator123. The outcome would include all the sub-elements and 

possible sub-objects as in the Fig.18. This process allows access to all the levels of the 
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hierarchy. More complex queries, such as querying for several elements simultaneously, 

require additional mechanisms that are defined in the following standard, the O-MI [6]. 

 

 

• Open Messaging Interface 

 

As mentioned before, Open Messaging Interface was created following the example of HTTP 

and its role on the web. Information in the internet is exchanged in HTML format and 

transmitted by the HTTP mainly for human use, while in the IoT domain O-MI is preferably 

used to transmit O-DF formatted messages for system consumption. One of the main 

characteristics of an O-MI node is that it can act both as a server and a client, enabling a direct 

peer-to-peer communication.  

 

The transmission of an O-MI message is protocol agnostic, which means it can be sent by using 

HTTP, SOAP, FTP or any other similar protocol. This feature makes O-MI to stand out in the 

crowd of other potential IoT messaging standards. In addition, the format of the payload itself 

is relatively agnostic while it can be XML, JSON or even CSV. 

 

The conceptual framework of a subscription mechanism that is applied in O-MI standard is the 

observer design pattern, presented in [51]. In contrast to Publish/Subscribe mechanisms that 

are frequently used, the observer mechanism is considered to be more suitable for IoT 

applications. The argumentation of this claim is based on the fact that Pub/Sub mechanisms 

assumes the presence of a high-availability server, while on a peer-to-peer network as IoT 

applications aim to become this is not efficient. On the other hand, the implementation of an 

Observer mechanisms allows O-MI nodes can add themselves as observers of an event that 

occurs in another node of the network[50]. 

 

An O-MI message is self-contained in the sense that all the necessary information of how the 

message should be processed from the recipient, is defined in its structure. For example, the 

operations: read, write, subscribe the TTL parameter or the callback address are sent 

simultaneously with the rest of the payload. A list of the key characteristics of the O-MI 

standard, which are described in [34], is illustrated in Table.1  
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                             Table 1. Main characteristics of the O-MI standard [34] 

 

 

3.3 Comparison of communication standards  

 

The conducted description of the six communication standards requires a comparison between 

them to determine their suitability for IoT applications. The comparison is based on the paper 
“Standardized Communication Between Intelligent Products for the IoT” [52]. The authors of 

this paper have identified a list of requirements that a certain protocol should fulfill in order to 

satisfy the needs of an IoT application. In this section are presented those requirements, a 

general comparative framework defined by [35] and the results of the process. 

 

For a fully interoperable and efficient IoT application, the applied communication standard 

should fulfill the following requirements [52]: 

a) Possibility to implement for any kind of instances in a domain independent manner.  

Property Description 

Protocol 

agnostic 

Supports multiple underlying protocols, making it possible to transport the message using most “lower—level” 
protocols such as HTTP, SOAP, SMTP, FTP, etc. It might also be possible to transport this message using files 

on USB sticks or other memory devices 

Three possible 

operations 

1) Write: used for sending information updates to O-MI nodes 

2) Read: Used for immediate retrieval of information and for placing subscriptions for deferred retrieval of 

information from a node 

3) Cancel: used to cancel subscriptions before they expire 

TTL If the message has not been delivered to the “next” node before TTL expires, then the message should be 

removed, and an error message returned to the message originator (if possible) 

Self-contained 

message 

A message contains all the necessary information to enable the recipient to appropriately handle the message. 
In a more concrete level, the message contains all the relevant information such as the actions to be performed 

(read. write, subscription, etc.) the message validity period (TTL), the mode of communication (asynchronous 

or synchronous), or still the callback address 

Multiple 

payload 

formats 

Any message can transport actual information using any text-based format that can be embedded into an XML 

message. A response may include return elements that correspond to several QLM requests. In that case, it is 

even possible to use different payload formats in different return elements. However, the return payload would 

normally be in the same format as the original request payload 

Real-time 

communication 

O-MI allows piggy backing a new request with a response. is a crucial property both for real—time 

communications and to enable two—way communications with mobile nodes and/or nodes located behind 

firewalls 

Publication 

and discovery 

Publication of new data sources, services and meta—data can be done with write operation. “RESTful” URL-
based queries allow the discovery of them, including discovery by search engines 

Target nodes Intermediate node(s) are responsible of rerouting messages to the target nodes or sending back an error message 

to the requesting node in case of failure. 
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b) Possibility to implement for any kind of information systems, including embedded and 

mobile systems. 

c) Support for “synchronous” messaging such as immediate read and write operations, 

including “client-poll” subscriptions. 

d) Not restricted to one communication protocol only, it must be possible to send messages 

using protocols such as plain HTTP, SOAP, SMTP, as file copies etc. 

e) Possibility to create ad hoc, loosely-coupled, time-limited information flows instantly. 

f) Peer-to-peer communication possibility for all devices, i.e. client and server functionality 

can be implemented for any device, depending on available processing power, network 

connectivity etc. 

g) Handling mobility and intermittent network connectivity, i.e. support for asynchronous 

messaging capabilities that imply for instance message persistence, time-to-live etc. 

functionality. 

h) Context-dependent discovery of instances, instance-related services and meta-data about 

them. 

i) Support for context- and domain-specific ontologies. 

j) Queries by regular expressions for retrieving information about more than one instance and 

more than one kind of information. 

k) Historical queries, i.e. retrieving values between two points in time. 

 

Based on these requirements and the Messaging Classification Framework introduced in the 

paper “Strategies for Integrating Messaging and Distributed Object Transactions”[35], a 

comparison is conducted by [19] to determine the most suitable standard. The obtained results 

of the comparison are illustrated in Table.1. 
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                                       Table 2.  Comparison of communication standards [31] 

 

It is clearly understandable from the table that O-MI/O-DF support most of the properties. O-

Mi/O-DF allows a freedom of choice between concurrent solutions, such as Synchronous and 

Asynchronous communication. Based on these criteria, AMPQ is the closest alternative to O-

MI/O-DF. 

 

O-MI/O-DF includes several useful mechanisms that are not supported by the rest of the 

standards. For instance, it is the only standard with an interval-based subscription protocol that 

Property Sub-property M
Q

T
T

 

C
o
A

P
 

X
M

P
P

 

A
M

Q
P

 

D
D

S
 

O
-M

I 

Messaging API Application-specific  ✔ ✔    

Application-independent ✔   ✔ ✔ ✔ 

Initiation Push ✔ ✔ ✔ ✔ ✔ ✔ 

Pull  ✔ ✔ ✔ ✔ ✔ 

Intermediation  ✔ ✔ ✔ ✔  ✔ 

Persistence Transient ✔ ✔  ✔ ✔ ✔ 

Persistent ✔ ✔  ✔ ✔ ✔ 

Subscription Interval-based      ✔ 

Event-based ✔ ✔ ✔ ✔ ✔ ✔ 

Self-contained     ✔  ✔ 

Protocol-agnostic       ✔ 

Synchronicity Synchronous ✔  ✔ ✔ ✔ ✔ 

Asynchronous ✔ ✔ ✔ ✔ ✔ ✔ 

Delivery-guarantee  ✔ ✔  ✔ ✔ ✔ 

Piggybacking   ✔   ✔ ✔ 

Multiple payloads  ✔ ✔ ✔ ✔ ✔ ✔ 

Processing result Single return value ✔ ✔ ✔ ✔ ✔ ✔ 

Single integrated return value ✔     ✔ 

Set of individual return value   ✔  ✔  

Communication Separate message ✔ ✔ ✔ ✔ ✔ ✔ 

Callback address     ✔ ✔ 

Failure Notification Timeout of acknowledgement ✔ ✔  ✔ ✔ ✔ 

Reply with error message ✔ ✔ ✔ ✔  ✔ 

Exception    ✔ ✔  
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is helpful for real-time IoT applications. In addition, this standard is the only protocol agnostic 

when it comes to low level transport protocols. 

 

The feature of Piggybacking is useful for devices with no fixed address that reside behind 

firewalls to communicate. In such cases a callback address is implemented for URL-based 

subscriptions. The URL-based addressed information is sent to the closest device with a fixed 

IP address for further processing. Even though Piggybacking is also supported by DDS and 

CoAP, O-MI-O-DF is the only one that can support both Callback address and 

Piggybacking[19].  

 

Based on the comparison, O-MI/O-DF offers freedom of choice, flexibility and a set of crucial 

mechanisms for IoT applications that are not supported from the other standards. The 

combination of all of them makes O-MI/O-DF a reliable, interoperable standard, which is 

suitable for heterogenous IoT applications. For these reasons, the applied messaging standard 

in this project will be O-MI/O-DF. 

 

3.4 Summary 

 

The third chapter presented a general description of the most popular communication standards, 

that have been used in IoT applications. Furthermore, the recently published O-MI and O-DF 

standards were described. Finally, a comparison of all standards took place. The result of the 

comparison indicated that the O-MI and O-DF standards are the most suitable for IoT 

applications. 
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4 SEMANTIC MODELLING BY USING ONTOLOGIES 

 

This chapter theoretically describes the process of developing the ontological knowledge-base, 

which is utilized by SWAG-IOT system.  

 

4.1  Semantic Modelling and representation 

 

The previous sections described the necessity of breaking the verticality and increase the 

horizontal integration of systems, as the only way to unleash the full potential of IoT. This 

chapter will present the importance of knowledge sharing and the role of semantic knowledge-

bases in the interoperability issues.  

 

Building large, interoperable IoT System of Systems is a challenge because of the 

heterogeneity of protocols, devices and data formats. More complications are introduced due 

to resource-constraints, mobility and real-time requirements. As it is noticed in [53], to 

minimize human intervention, these applications and devices should be able to auto-connect, 

self-heal and self-organize. In an IoT environment, which is characterized by unreliability, 

device unavailability and decoupled nodes, the issue of information integration requires 

solution before final deployment. 

 

The creation of common Semantic models is a feasible solution for a machine-interpretable 

shared understanding. Semantic modelling refers to the process of defining the meaning of 

devices, data and services. The basic way to represent those resources and their relations is 

known as Resource Description Format (RDF), which is a graph data model. RDF graphs are 

built on the concept of triples. Each triple consists of the subject, the predicate and the object. 

For example, a triple can provide assertions that an entity, such as a sensor, has a property, 

such as “is Hosted By”, with another object or value. In an RDF triple the subject, predicate 

and object are identified by a Universal Resource Identifier (URI). This allows the concept and 

properties interpretation based on a certain context, where their unique definitions are 

interpretable. In this case, context refers to the ontologies, which are used to formalize the 

concepts and relations. Ontologies are typically organized in a hierarchical structure of 

concepts and their sub-concepts[54]. The relations between those concepts are built by 

assigning them properties, while their sub-concepts are direct inheritors of their parental 
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properties. These relations are explicitly specified by ontology languages such as RDF Schema 

and OWL. RDFS defines the necessary vocabulary for describing the properties and classes of 

RDF resources, with the necessary semantics for creating general hierarchies[54]. In addition, 

OWL comes over the RDFS to complement it and enrich the vocabulary. Between other 

features, OWL vocabulary allows the description of relations between classes (for example 

disjoints), cardinality, equality, characteristics of properties (such as symmetry) and 

enumerated classes. In this way OWL busts expressiveness and enables the representation of 

more complex data semantics. Ontology languages are accompanied by built-in inference rules 

from underlying data models such as RDF graphs or OWL’s Description Logics. This 

subsequently gives semantic representation further power to enable inference and reasoning 

via the notion of entailments[54].  

 

4.2  Ontology Development for SWAG-IOT 

 

According to Neches [55], an ontology is a shared set of explicitly defined terminologies and 

relationships of a domain of interest, which comprises the vocabulary of the domain. As it is 

already mentioned, the purpose of creating an ontology is to facilitate knowledge sharing and 

reuse. It is usually done by explicitly defining terms in a formal way, so that intelligent agents 

can agree with the meanings of the terms and use it in a way consistent with their meanings. 

Ontologies are categorized in general ontologies and domain ontologies.  

The domain of interest for a general ontology is the whole world. The concepts in a general 

ontology are often organized in a taxonomy, with the top concept being everything that can 

exist.  

 

On the other hand, a domain ontology is the specification of a particular domain. Compared to 

general ontologies, domain ontologies have a variety of representation forms and may not have 

an explicit taxonomy. The second type of ontologies is suitable for this thesis work. 

 

According to Uschold and Gomez-Perez[56], during an ontology development there are nine 

major activities happening. The activities do not have to happen sequentially or all of them. 

Some may happen in parallel, and some may happen in a loop. Below is a list and discussion 

of the six main activities that were used in this project. 
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1. Planning: Before building an ontology, a plan should be made about what should be done. 

A general plan was created after conducting a literature review of related works. 

2. Specification: In this step, the scope and purpose of an ontology should be specified. In this 

case the purpose of the ontology is to describe the elements, properties and all the necessary 

relations of the mobile devices for air monitoring. The chosen scope limits the description in 

the level of the sensing devices, units and geospatial information. For example, the 

description of a smart sensing bike includes information for the sensors, units, formats but 

not for the bike itself or accuracy of measurement. 

3. Knowledge Acquisition:  In this step, a set of knowledge sources is defined for extracting 

the necessary domain knowledge and meaning of terms. In the development phase of this 

ontology the sources for knowledge acquisition mainly have been W3C publications, 

environmental research articles and the datasheets of the hardware devices.  

4. Conceptualization: This activity refers to the activity of structuring the domain knowledge. 

It is an intellectual activity of defining the main concepts, how they are related to each other, 

their properties and attributes. Conceptualization can be achieved by using graphical 

representation or natural language to depict the aforementioned terms. In this work, after 

acquiring the necessary knowledge, a combination of graphical with natural language 

representation was used to organize and conceptualize the concepts of the particular domain.  

5. Integration: This is a particularly important activity, because it allows the modular usage 

of already developed ontologies. After conceptualizing the domain knowledge, different 

parts of that conceptualization can be furtherly developed by integrating existing ontologies. 

In this case the endpoint will be a microcontroller with sensors, so the main Ontology is 

SOSA[5] for describing the relations and attributes of each module, such as type of sensors, 

data attributes and their correlations. To describe the geospatial features the WGS84_POS 

[57] ontology is incorporated, while for Unit description the QU [58] ontology is also 

integrated. These are open source ontologies developed by W3C Group. 

6.Implementation: In this step, the conceptualization diagram is translated into a computer 

readable format. In this case Protégé, an ontology development open source environment, 

was utilized to implement the concepts and integrate the existing ontologies described in the 

previous activity. Importing external ontologies infers importing already developed 

hierarchies of classes and ready-to-use attributes to describe them.  
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4.3 Modelling dependencies with SOSA 

 

The integrated Ontology for sensor specification and description is Sensor, Observation, 

Sample, and Actuator (SOSA), that is developed by W3C. The initial W3C Semantic Sensor 

Network Incubator Group ontology (SSN) was built around an ontology design pattern called 

the Stimulus Sensor Observation (SSO) pattern. SOSA stands in the core of the SSN Ontology 

but puts more emphasis on light-weight use and the ability to be used standalone. SOSA is also 

more explicit than SSO in its support for virtual and human sensor. Finally, SOSA extends 

SSO's original scope beyond sensors and their observations by including classes and properties 

for actuators and sampling. Because of these reasons, it was considered more reasonable to 

choose SOSA. From an Observation perspective, the SOSA’s classes and properties are 

depicted in the Fig.19  

 

 

                 

               Figure 19. Schematic representation of the SOSA classes and properties 

                 

 Among others, some of the main classes are: 

Platform: An individual of this class is an entity that hosts Sensors, actuators or other platforms. 

In our case an individual that represents our microcontroller was created.  

Sensor: The class Sensor contains all the individuals that describe sensing devices. The 

property “is Hosted By” interconnects the sensors with their respective platform. 
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Observable property: Defines the specialization of each sensor individual. For example, a 

temperature sensor has observable property temperature. Other used instances classes are Unit, 

Feature of Interest and geospatial Point. 

Because of its simplicity, SOSA does not incorporate ontological models for Units and 

Geospatial description. For that reason, the ontologies WGS84_POS and QU, which are also 

developed by W3C, are integrated. 

The usage of the created Ontology requires the creation of instances for each class that is being 

utilized. The concepts of Ontological classes and their instances is similar with their respective 

in Object Oriented Programming. Each instance inherits the properties and relations of the class 

they belong to, but they can also have extra assigned properties. The implementation phase will 

be discussed in more details in the fifth chapter. 

 

4.4 Summary 

 

To summarize, the forth chapter introduced the process of developing the Ontology. Firstly, 

the fundamental concepts of the Semantic representation were presented. After that, the 

customized Ontology development process was broken down into six steps. Finally, the last 

sector included a description of modelling the dependencies by integrating existing open source 

Ontologies. 

 

In the next chapter will be introduced the proposed methodology and the SWAG-IoT system 

architecture. Their development is done by taking into consideration the presented information 

of the previous chapters. 
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5 SYSTEM ARCHITECTURE 

 

This chapter describes the proposed methodology to solve the defined problem and the 

architecture of the SWAG-IOT system. 

 

5.1 Methodology and proposed Algorithm 

 

 

                                          Figure 20. Proposed methodology 

                                         

The proposed methodology is depicted in Fig.20. It is divided into four interconnected parts. 

The first step represents the raw data-stream, for which its semantic meaning and attributes are 

unknown. In the second step, the data-stream is matched with the correspondent description in 

the Ontology. When the matching is finalized, a query in the ontology provides the necessary 

description of the data-stream and the source that produced it (step 3). The collected description 

will contribute to annotate the raw data and generate the wrapped messages in step 4. Finally, 

the newly packaged message is ready to be sent in step 5. 
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The described methodology is complemented by the algorithm, which is depicted in Fig.21. 

This algorithm breaks down into steps the logic behind the proposed methodology.  

From now on, the ID refers to a unique identification name that accompanies a product model 

of a certain manufacturer, for example a MAC address.  It is used to match data-streams with 

their respective descriptions in the ontology.  

 

Registration message refers to the initial message that is sent only once in the beginning of a 

communication, before the exchange of actual data messages. Its role is to provide the 

necessary descriptive information, also known as metadata, for the actual data. For example, 

the registration message of a temperature sensor contains information related to the unit, 

format, accuracy etc. 

 

A data message refers to the message that contains the actual information. In the previous 

example of the temperature sensor, a data message would contain timestamped measurements. 

 

                                       Figure 21. Implemented algorithm 
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5.2  SWAG-IoT Architecture  

 

Considering the big picture, the system needs to fulfill certain requirements. The system should 

be able to detect different air pollutants and convert physical characteristics of the air to 

electrical signals. In addition, it should be able to process the provided information, infer new 

knowledge and annotate raw data streams. Finally, it should be able to store the output in a 

reusable format.  A general architecture of the implemented solution, that satisfies the 

requirements, is represented in Fig.22. The architecture is divided in three layers: the sensor 

layer, the processing layer and the storage layer. 

 

The sensor layer serves as an interface between the physical and digital world. This process is 

performed by sensing components which are operated by controlling devices, such as 

microcontrollers. It is also responsible for keeping track of the geospatial coordinates, since 

this layer is embedded in mobile objects, such as bikes. Lastly, sensor layer communicates in 

real-time with processing layer, in a client-server mode. In this type of communication, sensor 

layer serves as the client, which feeds the server on the other side with the defined ID and a 

continuous data stream.  

              

                                         Figure 22. Layered SWAG-IOT architecture 
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The processing layer is the main component of this work, which implements the steps 2 to5 in 

the proposed methodology. It takes as input raw data, performs minor reasoning, queries the 

ontologies and based on this information composes an O-MI/O-DF open standard wrapper.  

 

The first responsibility of the processing layer is to use the provided ID for matching the source 

of the data stream with the closest description in the ontology. Secondly, it is responsible for 

querying it and retrieving the correspondent description, which is used to annotate the received 

data stream. Finally, it is responsible for composing the XML-formatted O-MI/O-DF wrappers. 

In the communication aspect, processing layer is the initiator of the periodic HTTP POST 

method in the storage layer. 

 

The storage layer is the final layer of the architecture. The main criteria for this layer is the 

necessity for technical compatibility with O-MI/O-DF technologies.[59] The main 

responsibility of the storage layer is to store a predefined number of annotated in a hierarchical 

structure of Objects and Infoitems. For more details refer to the subchapter 2.5.2. Since the 

stored data is destined for reusability from third parties, it is crucial to include the necessary 

links to the Ontology that was used in the processing layer. Those links are important for 

maintaining the Semantic Interoperability.   

 

5.3 Summary 

 

The forth chapter of the thesis marked the trail of the implementation phase. Firstly, it presented 

a methodology, which was furtherly detailed into an algorithm, for solving the defined 

problem. Also, it presented a layered architecture of the SWAG-IOT system, where the 

proposed algorithm will be implemented in the next chapter. The steps of the algorithm were 

allocated to the correspondent layer and several responsibilities were assigned for each one of 

them. In the next chapter the technical implementation of the SWAG-IOT system will be 

presented. 
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6 SWAG-IOT SYSTEM IMPLEMENTATION AND EVALUATION 

 

In the previous chapter we introduced the proposed methodology and the high-level 

architecture of the SWAG-IOT system. This chapter contains a detailed description of the 

technical implementation. The chapter is organized in sections, where hardware 

implementation, software implementation, reasoning cases, testing and evaluation of results 

are described. 

 

6.1 Hardware Implementation 

 

The SWAG-IoT system consists of the hardware and the software part. One of the initial 

requirements was to build the hardware part of the SWAG-IoT system.  This section presents 

a detailed description of the hardware components, that were used to build the hardware part 

of the system. 

 

The selection of the hardware components should be aligned with the main requirements of the 

SWAG-IOT system. The first requirement is the ability of the developed system to measure 

the quality of the air. Also, the process of air quality monitoring should be independent of the 

location. This means that the sensing devices should be autonomous and easy to be carried on. 

The fulfillment of those requirements is achieved by combining a set of hardware components, 

which are categorized as follows: Sensing components, Microcontroller module, Gateway and 

base station. 

 

6.1.1 Microcontroller Module 

 

The microcontroller is responsible for operating the sensing devices and maintain a Wi-Fi 

communication with the rest of the system. In our case, the used microcontroller is Libelium’s 

Waspmote[60]. There are several advantages associated with this technology. 

 

The main advantage of Waspmote is that, based on the use case, it can be extended with extra 

add-on modules, such as Gases module, Agriculture or Smart City. This distinctive feature of 

Waspmote enables a quicker assembly and programming of it. In addition, the sizes of the 
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microcontroller and all its add-on modules are suitable for applications that are characterized 

by high mobility.  

 

The Gases board is being used for hosting the appropriate sensing devices, since the focus of 

our project is on the air pollutants. The usage of Gases board allows us to measure the physical 

characteristics of air and the amounts of a variety of gases. For example, the Gases board can 

support sensors that measure temperature, humidity, CO, O3, O2, CO2, NH4 etc. In addition, 

a Wi-Fi add-on module is implemented for transmitting the generated data stream. 

 

                                             

                 Figure 23. (left) Waspmote microcontroller and (right) Gases add-on board 

                           

6.1.2 Sensing Components 

 

The Gases board supports a plethora of sensors, each with a different function. The process of 

choosing the appropriate sensing components for our system is based on two factors: 

 

1.The conducted literature review, specifically the effects of urban air pollutants on human 

health.  

2. Availability of compatible sensors with the Libelium’s Gases board. 

 

Based on those factors, the system is empowered to sense the levels of Odorous gases, such as 

H2S, through the contamination sensor Figaro 2602. Also, it can detect the presence of 

Odorless gases, such as CO, by utilizing the contamination sensor Figaro 2600.  

 

On the other hand, temperature and humidity were selected as two important physical 

parameters of the air. They can have a direct effect on someone’s health, especially on citizens 
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with respiratory diseases. Also, high levels of humidity or temperature can increase the 

dangerousness of the contaminants. The chosen temperature Sensor is the model TMP36, while 

the humidity sensor is the model 808H5V5.  

 

The contamination sensors need to be calibrated. The applied procedure has a theoretical, 

mathematical approach and is based on their graphical sensitivity characteristics. The applied 

calibration methodology is described in [61]. It is an easy, relatively accurate methodology that 

can be used in absence of professional calibration tools. 

  

                                              Figure 24. The utilized sensors 

 

                                         

6.1.3 Smart Device and Base Station 

 

As it is mentioned in the systems architecture, 

the smart device serves as the gateway for the 

sensing layer devices, towards the processing 

layer. It is assumed that the smart device is 

carried by the user on the bike during commute 

phase. The functions of the smart device are to 

serve as a middleware, by providing Wi-Fi 

tethering for the microcontroller. In addition, it 

serves as a GPS module, by keeping track of the 

geospatial coordinates of the moving object. For 

these reasons, it was decided that an android 

device would be the appropriate device to fulfill 

those needs. 

 

Figure 25. The assembled mobile sensing 

module 
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Finally, the base station that hosts the processing layer, storage layer and is responsible for the 

major part of the communications is a laptop. The table lists each hardware component and 

their main function. The mobile part of the system is attached on a bike, as it is represented in 

Fig.25.  

 

                    Table 3. Detailed information about the hardware components 

                                                               

 

6.2 Ontology Implementation 

 

In the third chapter, a theoretical description regarding the Ontology development was 

presented. This subsection describes the process and tools that were used for the 

implementation of that Ontology. The Protégé ontology editor was used to develop it. An 

Ontology editor helps to develop and maintain ontologies by providing an interface that 

visualizes the concepts and generates corresponding files. Among other alternatives, such as 

OWLGrEd or Fluent Editor, Protégé is the most widely used open source Ontology editor. One 

of the reasons for its popularity is the flexible plug-in architecture, that enables higher levels 

of integration with other tools. In Fig.26 is depicted a screenshot of the Ontology in the Protégé 

editor.  

 

The hierarchy of classes in Fig.26 is obtained after importing the open source Ontologies 

SOSA, WGS84_POS and QU. Based on the use case, instances of those classes are created. 

Hardware Name Function/Feature of Interest 

Micro-controller Waspmote    Collect data, SD storage and Wi-Fi 

communication 

Sensors Figaro 2600  odorless contaminants 

Figaro 2602 odorous contaminants 

TMP36 Temperature 

808H5V5 Humidity 

Gateway Samsung Galaxy S7 Wi-Fi tethering & GPSd Server  

Base Station Acer Aspire 5749Z Processing & Storage 
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Those instances represent objects and characteristics of the domain that is being described. For 

example, the class Sensor is provided by the SOSA ontology. One of the instances that has 

been created, the instance 2600, represents the contamination sensor with the same name. A 

list of attributes and relations of this instance with other instances, is showed in the Annotation 

section.  

 

                        

                            Figure 26. Screenshot of the Ontology in Protege editor                  

 

After creating all the necessary instances and defining their attributes and relations, Protégé 

saves them in a file. The format of the file can be RDF/XML, Turtle, OWL etc. The chosen 

format for this Ontology is RDF/XML. This format makes it easier to programmatically access 

and query the Ontology. In Fig.27 is represented a graphical diagram of the developed 

Ontology in Protégé. 
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The programmatical management of an Ontology is performed by using already developed 

libraries. In this project, there is a need to programmatically extract information from the 

Ontology and perform minor reasoning tasks. Apache Jena Ontology API is one of the open 

source Java Frameworks that offers these capabilities. 

 

Apache Jena API provides different reasoners, such as Transitive reasoner, RDFS reasoner, 

OWL reasoner and Generic rule reasoner. Each one of them has its advantages and its 

drawbacks. The chosen reasoner for this project is the OWL reasoner[62].  

The Jena OWL reasoners could be described as instance-based reasoners. That is, they work 

by using rules to propagate the if- and only-if- implications of the OWL constructs on instance 

data. Thus, according to its documentation, it is anticipated that the OWL rule reasoner will be 

most suited to applications involving primarily instance reasoning with relatively simple, 

regular ontologies and least suited to applications involving large rich ontologies[62]. 

The extraction of information from the Ontology is performed by combining the Jena API with 

another tool, a query language. The function of Query languages for ontologies is to request a 

set of statements that correspond to a pattern. The chosen query language is SPARQL, which 

is recognized as a standard by W3C. According to [63], SPARQL is an RDF query language, 

which can manipulate data that are stored in RDF format. SPARQL allows for a query to 

Figure 27. Graphical diagram of the developed Ontology 
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consist of triple patterns, conjunctions or disjunctions. A screenshot of a SPARQL query, 

which is performed on our developed Ontology is showed in the Fig. 28 

 

                                  Figure 28. Screenshot of the SPARQL query 

             

6.3 Software Implementation 

 

After choosing the hardware parts that are going to be used, the next phase is to determine the 

software technologies. In addition to a thorough literature review, choosing the most 

appropriate software tools requires experimentation and comparison with different alternatives. 

The data flows and software components are depicted in the Fig.29. The sensing layer is 

implemented in a simplified version of C language, while the processing and storage layer is 

implemented in Java language. 

 

 The Waspmote microcontroller hosts a TCP client that is responsible for reading the sensors 

every 2 minutes, performing the first step of data processing and transmit the created data 

stream to the Akka actor. The programming of the Waspmote microcontroller is done with the 

help of the Waspmote IDE.  

   On the other hand, the smart device offers Wi-Fi tethering for the microcontroller and 

enables the communication between the microcontroller and the remote device that hosts the 

processing and storage layers.  Parallelly, the smart device runs a lightweight GPSd server that 

periodically keeps track of the geospatial coordinates of the mobile part of the system.  

 As it is already described, the base station contains the processing and storage layer. An Akka 

actor[64] serves as a TCP server, responsible for handling the communication with the 
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microcontroller. Akka is a set of open source libraries written in Java and Scala. Akka’s actors 

provide a level of abstraction that makes it easier to write correct concurrent, parallel and 

distributed systems. In addition to Akka’s technical advantages, another reason for choosing 

this library is the fact that they are used in the storage layer too. By using Akka actors, the 

different parts of the system become uniform, compliant and easier to be integrated with each 

other. 

 

 Another entry point is the GPSd client, which handles the location information. Developing 

the GPSd client required the usage of the GPSd4Java[65] library. The purpose of this library 

is to enable the use of data from the GPSd daemon in Java applications. It provides a method 

to connect to GPSd and retrieve data using a socket connection. 

 

The function of Apache Jena API was described in the previous section. Also, the creation of 

the OWL files is described theoretically in the third subsection and its implementation has 

been also described in the previous section.  

 

The Wrapper Composition is the final component of the processing layer. Its main 

responsibility is to combine the raw data from all the sources and compose an open standard 

message. In this thesis work we decided to rely on the open standards O-MI/O-DF, because of 

the provided argumentation in the second chapter. In more details, the Wrapper Composition 

component takes as input the recursive sensor measurements, the extracted descriptions from 

the ontology and the GPS data. The outputs of this component are the Registration and Data 

message, which are defined in the proposed methodology subsection. These two messages are 

structured based on the publicly available O-MI/O-DF documentation, but with minor 

adaptations [6].  
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Finally, the O-MI node is part of the storage layer. It is a data server for the Internet of Things, 

that is implemented to be compatible with O-MI/O-DF standards. O-MI node stores the 

incoming O-MI/O-DF messages without affecting their hierarchical structures.  

 

   

 

The information flow in the Fig.29 consists of six steps. A TCP connection is established 

between the device and an Akka Actor in the link (1). In this part, the role of the Mobile phone 

is simply to provide the necessary internet connection to the device.  Based on the assumption 

that the actual device and the mobile phone share the same location, a GPSd client[65] updates 

the location of the mobile phone from a lightweight GPSd server installed on it, independently 

from the main data stream (2). Upon a successful connection, the device shares its unique 

Identification with the Akka actor. On receive, the first thing that is verified is the existence of 

the ID in the O-MI node[59]. If the node does not contain any information about this ID, the 

knowledge base is used. Otherwise, the message composition occurs without the need of 

ontology utilization. In our case, it is supposed that the O-MI node has no acquaintance with 

the device. By using the provided ID, a SPARQL query is performed on step (3). Matching the 

provided ID with an Individual creates a chain of querying. The available information is 

collected, based on the existing relations and attributes, such as hosted sensors, Observed 

properties, units, and data types (4). After the ID is sent, the rest of the raw data follows the 

      Figure 29. Software Components 
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step (5) The role of message composition is to assembly the raw information from three sources 

and generate O-DF structured messages wrapped with O-MI. These messages are stored to the 

O-MI node through a HTTP POST method (6). The O-MI node provides a UI interface, where 

all the measurements are accessible (for reference see Fig.35). Another view of the same 

information flow is illustrated in the Sequence diagram, which is depicted in Fig.30.  

 

                                              

                                          Figure 30. UML Sequence diagram 

                                             

6.4 Reasoning Cases            

 

For an Ontology to be considered relevant, it must reflect any changes that happen in the real 

world. Maintaining and updating them is a human process, which might sometimes lead to 

them being incomplete. If we define a situation as the degree of completeness of an Ontology, 

the number of them is proportional with the Ontologies size. In other words, increasing the 

complexity of an Ontology, increases its probability to be incomplete. 

 

The absence of a piece of data is especially noticeable in an extraction phase. For example, 

let’s consider what would happen if Jena API sends a SPARQL query for a piece of information 

that does not exist. To make the example more concrete, let’s assume that the query intends to 

return information about the names of three sensors, that are attached to a certain 
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microcontroller. If one of those names does not exist in the Ontology, it would lead to an 

incorrect annotation and wrapping of the raw data.  

 

This problem can be minimized if we use the Jena OWL reasoner. The goal is to identify if a 

certain information exists, and if not to infer that knowledge from the rest of the Ontology. As 

a proof of concept, four situations are defined. In these situations, is considered the case, where 

the Jena Reasoner checks the existence of a data stream’s description based on its unique ID. 

In case the description is missing, the reasoner tries to find in the hierarchy of the Ontology the 

closest description. For example, let’s consider the case where two models of the same device 

are described in the Ontology. In a situation where the description for the newest model does 

not exist, there is a possibility that the description of the oldest model can be used for the newest 

model too. As it is described in the proposed methodology, this is a process that happens only 

once, in the initiation of a new communication. The infinite number of possible situations is 

simplified in four general situations: 

 Situation 1: The new data stream contains the ID of the object that produced it. Also, the 

description of the Object with that ID exists in the Ontology. Jena reasoner matches the ID with 

the appropriate description and a SPARQL query is sent to retrieve that information. 

Situation 2: In the second situation, the ID of that object exists in the Ontology, but there is 

no information that describes it. In this case the reasoning engine tries to find that knowledge 

in the rest of the Ontology.  This is done by identifying the closest description in the hierarchy 

and extract that one instead.  

Situation 3: In the third situation we assume that the ID that we are interested in exists in the 

Ontology, but only mentioned in a similarity relation with another object. Thus, the missing 

information can be inferred from the other similar object. 

Situation 4: In the last situation the assumption is that there is no mentioning of the ID in the 

ontology. The unawareness of the Ontology for the existence of that object means that there is 

no possibility for reasoning. So, the system throws an ERROR for the user and the responsible 

entity for the Ontology’s maintenance. 

 The Jena OWL reasoner tries to determine the correct situation by sequentially checking them. 

After it finds the correct one, it sends the SPARQL query with the appropriate variables. The 

variable in a SPARQL query is the ID of the object that generates the received data stream.  
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6.5 SWAG-IOT system testing 

 
The previous sections of the document contain a detailed description of the SWAG-IOT 

implementation. During this research, there were several experiments and evaluations carried 

out. This section is focused on these experiments, their outcomes and the evaluation of the 

system’s performance. 

 

6.5.1 Testing on terrain 

 

The SWAG-IOT system was subject of three testing phases. The first testing was conducted in 

the beginning of the research, after the microcontroller and the sensors were functional for the 

first time. The purposes of the first testing were: 

1. Determine the feasibility of the scenario. It is a requirement for the scenario itself to be 

realistic. Since the sensing devices are mounted on a bike and carried around, there is a 

great risk for external stimulus. The effects of the bike movement, air flow, vibrations 

and human presence can affect the performance of the selected hardware. 

2. Create a dataset of real measurements from the city of Melbourne. This dataset can be 

used in the future work. 

3. Test the calibration of the sensors. Because of the theoretical calibration procedure, it 

is important to test their accuracy level. 

4. Measure the air contamination, temperature and humidity in different areas of the city. 
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Figure 31. The geographical area where the measurements were taken, with example data 

    

We mounted the sensing devices on a bike, as it is illustrated in the Fig.25 The measured data 

were collected in a radius of nearly 30 km from the city center. All that information was saved 

in the SD Card of the microcontroller.  The outcome of the first experiment is a dataset of real 

measurements. In Fig.31 is represented the route where the measurements were taken. In 

addition, six milestones of measurements are interpolated in the map for illustration purposes.  

 

Overall, the first test was successful. Firstly, the feasibility analysis showed that the scenario 

is possible, if the proper precautions are taken. For example, the usage of a protective casing 

for the sensors, or avoid mounting the sensors in the front of the bike.  

 

Also, the test helped us to evaluate the calibration of the sensors and their performance in a 

real-life scenario. The values that were registered by the humidity and temperature sensors 

were later compared with the measured values of nearby weather stations. The purpose of this 

comparison was to avoid biased values provided by faulty sensors.  

 

On the other hand, it was not possible to compare in the same way the registered values for air 

contamination, because the air pollution stations in the area did not provide that information. 
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In this case, the evaluation was based on personal estimations and expectations. For example, 

the contamination of a suburban park is expected to be near zero but getting closer to city center 

should increase the contamination levels.  

 

6.5.2 Output Testing 

 

  The SWAG-IOT system has an input and an output. The purpose of the second testing phase 

was to evaluate the obtained output. We conducted the second test on-site, after the 

implementation phase.  

The system takes as input raw data, such as sensor measurements, coordinates and the extracted 

information from the Ontology. As it is mentioned in the previous chapters, the output is the 

raw data, which is automatically annotated and wrapped with the open source wrappers O-

MI/O-DF. If we refer back to Fig.29, the output is obtained after the Wrapper Composition 

component, while the inputs are all the information flows that enter the same software 

component. In Fig.32 is illustrated an example of a raw data stream before it enters the Wrapper 

Composition component. 

 

 

                                          Figure 32. Example of a raw data stream 

                                     

                                   

In chapter four it is mentioned that there are two types of output messages: The Registration 

Message and the Data Message.  
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The Registration message is composed only once, in the beginning of a new communication. 

When an unknown data stream arrives, it is required that its registered in the O-MI node. The 

registration message has an XML format and contains the ID, InfoItems names, units and data 

types. They are composed in an O-DF structure and wrapped with O-MI standard. The 

Registration is important because of two reasons: 

1. The Registration Message enables the Data Messages to be smaller. After the 

registration of metadata in the O-MI node, there is no need to send them every time a 

new message is composed. For example, if the temperature’s unit is registered as 

Celsius, all the future messages can contain only the value.  

2. It minimizes the Ontology queries and allocated memory. By sending all the metadata 

in the beginning with a single message, we minimize the Ontology queries to just one. 

Also, it frees any possible memory that could be used to store these metadata in the 

processing layer. 

 

                                     Figure 33. A segment of a Registration message 

                                                             

Data Message is defined as any O-MI/O-DF message that is composed after the Registration 

Message and contains values. After the registration, every measurement performed in fixed 

interval of 2 minutes is transformed into an O-DF structure and posted to the node.  
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Part of the contributions of this research work are the modifications in the structure of the O-

MI/O-DF messages. They are infused with the URIs of the Ontology, which are declared as a 

type attribute. For example, each InfoItem has its own type that links it back to the Ontology, 

such as InfoItem type= “sosa: Sensor”. The only reason for doing that is to increase 

the semantic interoperability, that is described in the second chapter. These URIs can enable 

the reverse process to take place. In other words, they help a third party to map the saved 

message to the Ontology that was used to compose it. By doing that, the semantic meaning can 

be transmitted from one system to the other.  

   

 

                           

                            Figure 35. Example of the infused URIs in the O-DF structure 

                                          

Figure 34. A screenshot of a Data message 
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The payload of the messages, including the URIs and the metadata, are posted and stored to 

the O-MI node. All the stored information can be viewed in the UI of the node or reused by 

other parties that are registered in the same node. For illustration, in Fig.36 are listed the 10 

newest recorded temperature values. 

 

 

            Figure 36. Screenshot of the 10 newest values, registered in the O-MI node 

Finally, we manually compared the obtained output with the expected one and the stored 

version in the O-MI node. The goal was to guarantee that the three of them are identical. In 

other words, we wanted to ensure that the messages do not have structural or grammatical 

errors from the composition moment until they are stored. 
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6.5.3 Testing the Reasoning Cases 

 

The purpose of this phase was to test the four reasoning situations, that we described earlier. 

At the end we needed to see if the system can distinguish one situation from the other and 

perform the expected actions. For that, we developed three additional ontologies, one for each 

situation.  

 

After changing the Ontology, the Jena OWL reasoner was able to distinguish the situation and 

infer the knowledge from the rest of the Ontology, such as the closest instance in the hierarchy.  

 

6.5.4   Performance Evaluation 

 

The process of performance evaluation takes into consideration several parameters. The 

hosting laptop is an Acer Aspire 5749Z with 4 GB RAM, Intel Pentium 2.20 GHz processor 

and Windowsx64 bit operating system. The average values are calculated for 10 measurements. 

The evaluation was based on the following list of criteria: 

 

1) Average Message Composition Time  

The purpose of this criteria is to identify the average time that is needed for composing a single 

message. We should not forget that message composition is the process that is being automated. 

Thus, the average message composition time shows us how much more time efficient the 

process has become.  

 

The average composition time of a Registration Message was calculated to be 4429 ms. On the 

other hand, the average composition time of a Data Message was 595.2 ms. These 

measurements also include the necessary time to POST the message to the O-MI node and get 

the acknowledgement reply. 

 

2) Average Querying Time 

 

The purpose of this criteria is to identify the relation between the execution time and the size 

of the Ontology. In our evaluations, the size of the Ontology changes in two ways:  
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A. Change in the number of Instances. The number of instances of an Ontology changes when 

the size of the domain that is being described changes. For example, if we put more sensors 

in use we will need more instances to represent them in the Ontology. From now on this 

type of change in size will be referred to as Vertical change. 

B. Change the number of classes. A change in the number of classes happens when there is a 

change in the scope of the domain. For example, if we suddenly decide that we want to 

represent in out Ontology the different kinds of bikes that carry those sensors, we will 

have to integrate another Ontology. The new integration results in new classes in the 

Ontology that are used for describing the different bikes. From now on this type of size 

change will be referred to as Horizontal change. 

A Horizontal or Vertical change of size affects the query time. To identify the change in the 

query time, we performed two measurements. 

Firstly, we artificially increased the Vertical size of the Ontology by increasing the number of 

Instances. The used Ontology consists of only SOSA Ontology, so that the Horizontal size 

change does not affect the measurements. The number of Individuals increases from 1 to 10, 

50 and over 100. The graph shows the average executions times for each Vertical size of the 

Ontology. 

 

 

                      Figure 37. Average querying time when Vertical size is increased 
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The most obvious characteristic of the graph is the incremental trend of the query time, 

especially when the number of instances trespassed the 100.  

 

In the next step we artificially increased the Horizontal size of the Ontology by increasing the 

number of imported Ontologies. This time we imported the SOSA, QU and WGS84_POS 

Ontologies, without changing the Vertical size. The graph shows the average query times for 

each number of imported Ontologies. 

 

 

                  Figure 38. Average querying time when the Horizontal size is increased   

                                                              

The addition of two more Ontologies has a significant effect on the average query time. The 

values increased nearly 50 times, just by importing two more Ontologies.  

 

3) Resource Utilization 

 

Resource Utilization is defined as the percentage of utilized CPU and the generated Network 

traffic. It is measured at the Base station and is calculated as the difference between utilized 

resources in active state and the resource utilization in idle state. In addition, idle state is defined 

as the interval between two incoming messages, where the system is running without 

processing any data. In contrast, the active state is defined as the moment when an incoming 

raw data stream arrives from the sensing layer. 
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In idle state the tool is running, and the only data flow is the geolocation information, which is 

updated every second. Thus, the Network traffic in idle state is constantly 11 kbps. The arrival 

of a new set of raw data increases the network traffic up to 52 kbps. On the other hand, the 

CPU utilization jumps from 17% in idle state to 61% in active state. 

 

4) Message Acceptance Rate 

 

The Message Acceptance Rate is defined as the average number of messages that are 

acknowledged by the O-MI node. A high acceptance rate indicates that the messages have a 

correct composition, which is acceptable by the O-MI node. This test was conducted 3 times 

with 200 messages sent every time. In average, the acceptance rate was 99%, with nearly 2 

messages discarded out of 200. 

 

   6.6 Sustainability Analysis 

 

Sustainability (from Latin sustinere: tenere, to hold; sub, under) can be defined as the ability to 

continue a certain process, behavior or activity indefinitely. Based on the concept of 

sustainability, the Brundtland Report [66]defined in 1987 the meaning of a sustainable 

development as: 

"Sustainable development is development that 

meets the needs of the present without 

compromising the ability of future generations 

to meet their own needs." 

  Sustainable development is built up on three 

main pillars: the economic, social and ecological 

one (Fig.39). While those pillars are different, 

they are also highly interdependent. The 

ecological sustainability aspect represents the 

concept of meeting human needs without 

compromising the health of the ecosystems. In 

addition, the economic pillar adds that from an economic standpoint, sustainability requires 

that current economic activity not disproportionately burden future generations. Finally, the 

social pillar is defined as “a positive condition within communities, and a process within 

 Figure 39. The three pillars of sustainability 
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communities that can achieve that condition.” The definition of social pillar of a sustainable 

development is further broken down to a list of main principles [67]: 

a) Equity of access to key services 

b) Equity between generations 

c) Political participation of citizens, particularly at a local level 

d) A sense of community ownership 

e) A system for transmitting awareness of social sustainability from one  

f) Mechanisms for a community to fulfill its own needs where possible 

g) Political advocacy to meet needs that cannot be met by community action 

 

As part of the Pervasive Computing and Communications for Sustainable Development Master 

program (PERCCOM) [1]and bIoTope project[12], this research work adopts the concepts of 

sustainability.  

 

Firstly, the proposed solution is applied, as a proof-of-concept, for monitoring the urban air 

pollution. As it will be explained in the following chapters, air pollution in the urban areas is a 

major Environmental problem. This issue is an accumulative result of wrong, unsustainable 

practices of human society. Developing the right ICT solutions can help us tackle urban air 

pollution, by addressing the Environmental pillar of sustainability. 

In the long-term aspect, the proposed solution increases the information reusability. In more 

details, reusing the same information means that less energy is spent on storing and processing 

power. Thus, energy efficiency is increased. There are two pillars of sustainability that benefit 

from it, because Less spent energy affects the Economic and Environmental aspect of 

sustainability. 

 

Because of its crowdsourced nature, where everybody contributes for providing information, 

the project has a solid social aspect.  It offers a sense of community ownership, equity of access 

to key services and acts as a mechanism for a community to fulfill its own needs.  

 

If we look at the bigger picture, the project will influence the economic pillar of sustainability. 

The outcome of this thesis is a small contribution to the bIoTope project, where a new business 

model, with various sustainable services, is being developed.  
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Fig.40 illustrates the pentagon of Sustainability analysis for this project. The diagram identifies 

five aspects of Sustainability: the economic, technical, individual, environmental and social. In 

addition, it breaks down their effects in time: immediate effect, enabling and structural effect.  

                                              

 

                                      Figure 40. The pentagon of Sustainability analysis 
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   6.7 Summary 

 

This chapter of the thesis presented the implementation, testing and evaluation of the SWAG-

IOT system. The implemented system was tested in terms of the output quality, on terrain, 

reasoning capabilities and performance. Furthermore, the system was analyzed regarding the 

sustainability aspect. The overall results of the testing were positive, but it is important to 

highlight a performance issue that requires further research. 

 

When the number of imported ontologies triples, its average querying time increases 50 times. 

This finding leads us to believe that the proposed solution is practical if the complexity of the 

domain does not interfere with the performance of the system. The overall conclusion and 

possible future work are described in the next chapter. 
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7 CONCLUSIONS AND FUTURE WORK 

 
This last chapter contains the overall conclusions of the thesis work and the possible future 

work. 

 
 

7.1 Conclusions 

 

The objective of this research work was to develop and implement a system that would 

automate the integration of smart objects, by using open standard-based semantic sensor 

technologies and Open Data Standards(O-MI/O-DF).  

 

In alignment with the predefined requirements, the SWAG-IOT system was developed. The 

developed system consists of an Ontology, which is responsible for conceptually describing 

the domain. In addition, the hardware part of the system was assembled, programmed and 

calibrated. Finally, the software part was developed and implemented, with the main 

responsibility to perform the automation task. The evaluation of the implemented solution 

created the premises to draw several conclusions. 

 

In a conceptual level, the usage of Semantic Technologies and Open Data Standards is a 

feasible solution for improving interoperability. Firstly, the Ontologies enable the reusability 

of the same information. Furthermore, the O-MI/O-DF standards provide the necessary means 

for syntactic and semantic interoperability.  

 

On the other hand, there are some limitations. One of the important findings during the testing 

trials is the effect of Ontology size on the query time. This finding means that the solution is 

not practical for domains with relatively high complexity. The increase in size of an Ontology 

can have considerable increase in the execution time and consequently in the performance of 

the system. 
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7.2  Future Work 

 

The developed system serves as a trailblazer for further future research. There are several 

improvements that the system needs. Also, there are a few directions that the research can 

follow. 

 

One of the features that requires further development is the mapping process of the raw data to 

the extracted information from the Ontology. For the moment, its existence was one of the 

main assumptions of this work.   

  In addition, a future investigation on how to perform the reverse process is required. In more 

details, there is a need for further research on how to use the composed and stored messages in 

the O-MI node. This requires the conceptualization and development of the necessary tools.  

 

Also, the reasoning cases can be extended to include more situations. For example, a possible 

situation could be the case when half of the description is present in the Ontology. 

 

 Finally, there is a need for future work on how to optimize the query time of sizeable 

Ontologies. A possible change of technologies, that can provide a lower access time, could 

improve the performance issues.  
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APPENDIX 

This appendix section contains an example of the developed ontology in RDF/XML format. 

 

<?xml version="1.0"?> 
<rdf:RDF xmlns="http://www.semanticweb.org/kristian/ontologies/test2#" 
     xml:base="http://www.semanticweb.org/kristian/ontologies/test2" 
     xmlns:schema="http://schema.org/" 
     xmlns:qu="http://purl.oclc.org/NET/ssnx/qu/qu#" 
     xmlns:owl="http://www.w3.org/2002/07/owl#" 
     xmlns:ns="http://creativecommons.org/ns#" 
     xmlns:xsd="http://www.w3.org/2001/XMLSchema#" 
     xmlns:skos="http://www.w3.org/2004/02/skos/core#" 
     xmlns:rdfs="http://www.w3.org/2000/01/rdf-schema#" 
     xmlns:rdf="http://www.w3.org/1999/02/22-rdf-syntax-ns#" 
     xmlns:terms="http://purl.org/dc/terms/" 
     xmlns:xml="http://www.w3.org/XML/1998/namespace" 
     xmlns:wgs84_pos="http://www.w3.org/2003/01/geo/wgs84_pos#" 
     xmlns:vann="http://purl.org/vocab/vann/" 
     xmlns:foaf="http://xmlns.com/foaf/0.1/" 
     xmlns:dc="http://purl.org/dc/elements/1.1/" 
     xmlns:sosa="http://www.w3.org/ns/sosa/"> 
    <owl:Ontology 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2"> 
<owl:versionIRI 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test/1.0.0"/> 
        <owl:imports rdf:resource="http://www.w3.org/ns/sosa/"/> 
        <owl:imports rdf:resource="http://purl.oclc.org/NET/ssnx/qu/qu"/> 
    </owl:Ontology> 
    <!-- http://purl.org/dc/elements/1.1/date --> 
    <owl:AnnotationProperty rdf:about="http://purl.org/dc/elements/1.1/date"/> 
    <!-- http://purl.org/dc/elements/1.1/description --> 
    <owl:AnnotationProperty 
rdf:about="http://purl.org/dc/elements/1.1/description"/ 
    <!-- http://purl.org/dc/elements/1.1/title --> 
    <owl:AnnotationProperty rdf:about="http://purl.org/dc/elements/1.1/title"/> 
    <!-- http://www.w3.org/2003/01/geo/wgs84_pos#alt --> 
    <owl:AnnotationProperty 
rdf:about="http://www.w3.org/2003/01/geo/wgs84_pos#alt"> 
        <rdfs:comment>The WGS84 altitude of a SpatialThing (decimal meters  
above the local reference ellipsoid).</rdfs:comment> 
        <rdfs:label>altitude</rdfs:label> 
        <rdfs:domain 
rdf:resource="http://www.w3.org/2003/01/geo/wgs84_pos#SpatialThing"/> 
    </owl:AnnotationProperty> 
    <!-- http://www.w3.org/2003/01/geo/wgs84_pos#lat --> 
    <owl:AnnotationProperty 
rdf:about="http://www.w3.org/2003/01/geo/wgs84_pos#lat"> 
        <rdfs:comment>The WGS84 latitude of a SpatialThing (decimal 
degrees).</rdfs:comment> 
        <rdfs:label>latitude</rdfs:label> 
        <rdfs:domain 
rdf:resource="http://www.w3.org/2003/01/geo/wgs84_pos#SpatialThing"/> 
    </owl:AnnotationProperty> 
    <!-- http://www.w3.org/2003/01/geo/wgs84_pos#location --> 
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    <owl:AnnotationProperty 
rdf:about="http://www.w3.org/2003/01/geo/wgs84_pos#location"> 
        <rdfs:subPropertyOf rdf:resource="http://xmlns.com/foaf/0.1/based_near"/> 
        <rdfs:range 
rdf:resource="http://www.w3.org/2003/01/geo/wgs84_pos#SpatialThing"/> 
    </owl:AnnotationProperty> 
    <!-- http://www.w3.org/2003/01/geo/wgs84_pos#long --> 
    <owl:AnnotationProperty 
rdf:about="http://www.w3.org/2003/01/geo/wgs84_pos#long"> 
        <rdfs:comment>The WGS84 longitude of a SpatialThing (decimal 
degrees).</rdfs:comment> 
        <rdfs:label>longitude</rdfs:label> 
        <rdfs:domain 
rdf:resource="http://www.w3.org/2003/01/geo/wgs84_pos#SpatialThing"/> 
    </owl:AnnotationProperty> 
    <!-- http://www.w3.org/ns/sosa/hasSimpleResult --> 
    <owl:AnnotationProperty 
rdf:about="http://www.w3.org/ns/sosa/hasSimpleResult"/> 
    <!-- http://www.w3.org/ns/sosa/hosts --> 
    <owl:AnnotationProperty rdf:about="http://www.w3.org/ns/sosa/hosts"/> 
    <!-- http://www.w3.org/ns/sosa/isHostedBy --> 
    <owl:AnnotationProperty rdf:about="http://www.w3.org/ns/sosa/isHostedBy"/> 
    <!-- http://www.w3.org/ns/sosa/isObservedBy --> 
    <owl:AnnotationProperty rdf:about="http://www.w3.org/ns/sosa/isObservedBy"/> 
    <!-- http://www.w3.org/ns/sosa/observes --> 
    <owl:AnnotationProperty rdf:about="http://www.w3.org/ns/sosa/observes"/> 
    <!-- http://xmlns.com/foaf/0.1/based_near --> 
    <owl:AnnotationProperty rdf:about="http://xmlns.com/foaf/0.1/based_near"/> 
    <!-- http://www.w3.org/2003/01/geo/wgs84_pos#location --> 
    <owl:ObjectProperty 
rdf:about="http://www.w3.org/2003/01/geo/wgs84_pos#location"/> 
    <!--  
    <!-- http://www.w3.org/2003/01/geo/wgs84_pos#Point --> 
 
    <owl:Class rdf:about="http://www.w3.org/2003/01/geo/wgs84_pos#Point"> 
        <rdfs:subClassOf 
rdf:resource="http://www.w3.org/2003/01/geo/wgs84_pos#SpatialThing"/> 
        <rdfs:comment>  
  </rdfs:comment> 
        <rdfs:comment>A point, typically described using a coordinate system 
relative to Earth, such as WGS84. 
  </rdfs:comment> 
        <rdfs:label>point</rdfs:label> 
    </owl:Class> 
    <!-- http://www.w3.org/2003/01/geo/wgs84_pos#SpatialThing --> 
    <owl:Class rdf:about="http://www.w3.org/2003/01/geo/wgs84_pos#SpatialThing"> 
        <rdfs:label>SpatialThing</rdfs:label> 
    </owl:Class> 
    <!-- http://www.w3.org/ns/sosa/Platform --> 
    <rdf:Description rdf:about="http://www.w3.org/ns/sosa/Platform"> 
        <owl:equivalentClass> 
            <owl:Restriction> 
                <owl:onProperty 
rdf:resource="http://www.w3.org/ns/sosa/hasFeatureOfInterest"/> 
                <owl:allValuesFrom 
rdf:resource="http://www.w3.org/ns/sosa/FeatureOfInterest"/> 
            </owl:Restriction> 
        </owl:equivalentClass> 
    </rdf:Description> 
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    <!-- http://www.semanticweb.org/kristian/ontologies/test2#CO --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#CO"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/ObservableProperty"/> 
        <qu:unit 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#ppm"/> 
        <sosa:isObservedBy 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#2600"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#Celcius --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#Celcius"> 
        <rdf:type rdf:resource="http://purl.oclc.org/NET/ssnx/qu/qu#Unit"/> 
        <qu:unit 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#temperature"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#H2S --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#H2S"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/ObservableProperty"/> 
        <qu:unit 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#ppm"/> 
        <sosa:isObservedBy 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#2602"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#Mobile_Phone --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#Mobile_Phone"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/Sensor"/> 
        <sosa:hasFeatureOfInterest 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#location"/> 
        <sosa:isHostedBy 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#waspmote_gases"
/> 
        <sosa:observes 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#geolocation"/> 
        <sosa:hasSimpleResult 
rdf:datatype="http://www.w3.org/2001/XMLSchema#long"></sosa:hasSimpleResult> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#TMP36 --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#TMP36"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/Sensor"/> 
        <sosa:hasSimpleResult 
rdf:datatype="http://www.w3.org/2001/XMLSchema#double"></sosa:hasSimpleResult> 
        <sosa:isHostedBy 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#waspmote_gases"
/> 
        <sosa:observes 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#temperature"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#air_quality --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#air_quality"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/FeatureOfInterest"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#altitude --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#altitude"> 
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        <rdf:type rdf:resource="http://www.w3.org/2003/01/geo/wgs84_pos#Point"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#degrees --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#degrees"> 
        <rdf:type rdf:resource="http://purl.oclc.org/NET/ssnx/qu/qu#Unit"/> 
        <qu:unit 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#geolocation"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#geolocation --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#geolocation"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/ObservableProperty"/> 
        <qu:unit 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#degrees"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#humidity --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#humidity"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/ObservableProperty"/> 
        <qu:unit 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#percentage"/> 
        <sosa:isObservedBy 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#808H5V"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#latitude --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#latitude"> 
        <rdf:type rdf:resource="http://www.w3.org/2003/01/geo/wgs84_pos#Point"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#location --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#location"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/FeatureOfInterest"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#longitude --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#longitude"> 
        <rdf:type rdf:resource="http://www.w3.org/2003/01/geo/wgs84_pos#Point"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#percentage --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#percentage"> 
        <rdf:type rdf:resource="http://purl.oclc.org/NET/ssnx/qu/qu#Unit"/> 
        <qu:unit 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#humidity"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#ppm --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#ppm"> 
        <rdf:type rdf:resource="http://purl.oclc.org/NET/ssnx/qu/qu#Unit"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#temperature --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#temperature"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/ObservableProperty"/> 
        <qu:unit 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#Celcius"/> 
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        <sosa:isObservedBy 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#TMP36"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#waspmote_gases --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#waspmote_gases"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/Platform"/> 
        <wgs84_pos:location 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#altitude"/> 
        <wgs84_pos:location 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#latitude"/> 
        <wgs84_pos:location 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#longitude"/> 
        <sosa:hosts 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#TMP36"/> 
        <sosa:hosts 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#2600"/> 
        <sosa:hosts 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#2602"/> 
        <sosa:hosts 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#808H5V"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#2600 --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#2600"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/Sensor"/> 
        <sosa:hasSimpleResult 
rdf:datatype="http://www.w3.org/2001/XMLSchema#double"></sosa:hasSimpleResult> 
        <sosa:isHostedBy 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#waspmote_gases"
/> 
        <sosa:observes 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#CO"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#2602 --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#2602"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/Sensor"/> 
        <sosa:hasSimpleResult 
rdf:datatype="http://www.w3.org/2001/XMLSchema#double"></sosa:hasSimpleResult> 
        <sosa:isHostedBy 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#waspmote_gases"
/>  <sosa:observes 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#H2S"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/test2#808H5V --> 
    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/test2#808H5V"> 
        <rdf:type rdf:resource="http://www.w3.org/ns/sosa/Sensor"/> 
        <sosa:hasSimpleResult 
rdf:datatype="http://www.w3.org/2001/XMLSchema#int"></sosa:hasSimpleResult> 
        <sosa:isHostedBy 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#waspmote_gases"
/> 
        <sosa:observes 
rdf:resource="http://www.semanticweb.org/kristian/ontologies/test2#humidity"/> 
    </owl:NamedIndividual> 
    <!-- http://www.semanticweb.org/kristian/ontologies/version#2602 --> 



89 

 

    <owl:NamedIndividual 
rdf:about="http://www.semanticweb.org/kristian/ontologies/version#2602"/> 
    <rdf:Description rdf:about="http://www.w3.org/2003/01/geo/wgs84_pos#"> 
        <rdfs:label>geo</rdfs:label> 
        <dc:title>WGS84 Geo Positioning: an RDF vocabulary</dc:title> 
    </rdf:Description> 
    <rdf:Description rdf:about="http://www.w3.org/2003/01/geo/wgs84_pos#lat_long"> 
        <rdfs:comment>A comma-separated representation of a latitude, longitude 
coordinate.</rdfs:comment> 
        <rdfs:label>lat/long</rdfs:label> 
    </rdf:Description> 
    <rdf:Description rdf:about="http://www.w3.org/2003/01/geo/wgs84_pos#location"> 
        <rdfs:label>location</rdfs:label> 
    </rdf:Description> 
</rdf:RDF> 

 


