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Abstract: Sensor networks are used in various applications in several domains for
measuring and determining physical phenomena and natural events. Sensors enable
machines to capture and observe characteristics of physical objects and features of
natural incidents. Sensor networks generate immense amount of data which requires
advanced analytical processing and interpretation by machines. Most of the current
efforts on sensor networks are focused on networking and service development for
various applications, but less on processing the emerging data. Sensor data in a real
world application will be an integration of various data obtained from different sensors
such as temperature, pressure, and humidity. Processing and interpretation of huge
amounts of heterogeneous sensor data and utilising a coherent structure for this data is
an important aspect of a scalable and interoperable sensor network architecture. This
paper describes a semantic model for heterogeneous sensor data representation. We
use common standards and logical description frameworks proposed by the semantic
Web community to create a sensor data description model. The work describes a sen-
sor data ontology which is created according to the Sensor Web Enablement (SWE)
and SensorML data component models. We describe how the semantic relationship
and operational constraints are deployed in a uniform structure to describe the hetero-
geneous sensor data.
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1. Introduction

The current Web is a document centric platform for exchanging data amongst the users. The
Internet and Web applications in recent years have seen tremendous growth in facilitating
data exchange for different applications and purposes. The current networks, however, are
limited in sensing and measuring the physical world phenomena and employing them for ob-
serving and controlling real world incidents. Sensor networks provide a potential for Internet
applications to acquire contextual data and observe and measure physical events. This will
lead to construct a platform for the future Internet which is aware of physical world incidents
and enables new service types that remove the strict boundary between virtual and physical
world. To achieve this, data collected from different types and levels of sensors and sensor
networks will be used in future applications. Machines will need to collect and understand the
data provided by the various types of sensors and networks. Enabling machine interpretabil-
ity and reasoning requires a common approach to organise and structure the data. This paper



provides an ontology based approach to the structuring of data obtained from different types
of sensors.

The next section describes background studies and the semantic Web technologies. Sec-
tion 3 discusses some of the current efforts on applying these technologies to sensor networks.
In section 4, we describe a novel approach based on the semantic Web technologies and us-
ing a universal language to provide semantic data modelling for sensor networks. Section 5
provides an evaluation of the work and section 6 concludes the paper and discusses the future
work.

2. Background

The Open Geospatial Consortium (OGC)! has recently established a group which is called
Sensor Web Enablement (SWE). This group is responsible to specify interoperability inter-
faces and meta-data encodings for integration of heterogeneous sensor data [1]. The main
specifications defined by the group are described in the following.

- Observations & Measurements (O&M) which define standard models and XML Schema
for encoding real-time and archived observations and measurements of sensor data.

- Sensor Model Language (SensorML) is a standard model to describe sensor systems
and processes associated with sensor observations in an XML-based structure. The infor-
mation provided by SensorML can be used for sensor discovery, describing sensor data, and
specifying sensor observations.

- Transducer Model Language (TransducerML or TML) provides a conceptual model to
describe transducers and to support real-time data to and from sensor systems, sensors and
actuators.

- Sensor Observations Service (SOS) 1s a standard Web service interface for requesting,
filtering, and retrieving observations and sensor system information.

- Sensor Planning Service (SPS) is a standard Web service interface that acts as an inter-
mediary between a client and a sensor collection management environment.

- Sensor Alert Service (SAS) 1s another standard Web service interface that enables pub-
lishing and subscribing to alerts from sensors.

- Web Notification Services (WNS) enables asynchronous delivery of messages or alerts
from SAS and SPS Web services and other elements of service workflows.

The models and interfaces provided by SWE define a standard framework to deal with
sensor data in heterogeneous sensor network applications. SensorML provides an exten-
sive description model for various attributes of sensor data [2]. Its primary representation
is defined in XML schema form. Although XML provides a remarkable solution for het-
erogeneous data representation, there are significant limitations in semantic interoperability
and describing the semantics and relationships between different data element using XML
representations [3].

Thttp://www.opengeospatial.org/



2.1 — The Semantic Web Technologies

Semantic Web is an extension to the current Web in which the meaningful relationships be-
tween resources is represented in machine processable formats [4]. The main idea in the se-
mantic Web is to provide well defined and machine accessible representation of the resources
and their relationships rather than simple links as they are offered by the link structure on
the current Web (i.e. href links in HTML). Ontologies are utilised by the semantic Web
applications to offer conceptualised representation of domains and to specify meaningful re-
lationships between the resources. Ontologies provide common and shared understandings of
different domains. The World Wide Web Consortium (W3C)has defined different standards
for representing the semantic Web data in machine accessible and processable formats.

The primary technologies for the semantic Web include the Resource Description Frame-
work (RDF)?, RDF Schema?®, and the Web Ontology Language (OWL)*. OWL is based on
description logic and facilitates construction of ontolgies for different domains. The OWL
data can be accessed by software agents for reasoning and inferencing purposes and to en-
able systems to derive additional knowledge from the represented data. There are common
query languages such as SPARQLS available for the OWL data. There are also widely used
software systems such as Jena [5] and Sesame [6] to deploy and manage the constructed on-
tologies. The OWL representation of data enables expression of semantics and meaningful
relationships between resources and amongst different attributes of complex data.

2.2 — Sensor Data Modelling

Russomanno et al [7] discuss a broad sensor ontology which is called OntoSensor. On-
toSensor primarily adapts parts of SensorML descriptions and uses extensions to the IEEE
Suggested Upper Merged Ontology (SUMO)® to describe sensor information and capabili-
ties. The ontology is developed to support sensor information system applications in dynamic
sensor selection, reasoning and querying various types of sensor. OntoSensor relies on deep
knowledge models and provides extensive information about different aspects of the sensor
nodes and devices. The ontology is represented in OWL format and the authors have dis-
cussed the advantages of the proposed approach compared to SensorML and XML based
solutions. The main enhancement is providing self-descriptiv meta-data for the transducer el-
ements and embedded semantics in the descriptions which could be utilised in various sensor
discovery and reasoning applications. Although OntoSensor illustrates a semantic approach
to sensor description and provides an extensive knowledge model, there is no distinctive data
description model to facilitate interoperable data representation for sensors observation and
measurement data. A universal sensor observation and measurement data model in collabo-
ration with a sensor specification model create a semantic sensor network architecture. The

http://www.w3.org/RDF/
3http://www.w3.org/TR/rdf-schema/
“http://www.w3.org/TR/owl-features/
http://www.w3.org/TR/rdf-spargl-query/
®http://www.ontologyportal.org/



semantic sensor network will utilise semantic Web technologies and reasoning mechanisms
to interpret sensor data from physical devices that perform observations and measurements.
This will support building automated sensor information processing mechanisims to extract
additional knowledge from real-time or archived sensor data.

Ontology-based description of a service oriented sensor network is discussed in [8]. The
SWE and Geography Markup Language (GML)’ classes and properties in collaboration with
SensorML, Suggested Upper Ontology (SUMO) and OntoSensor are used to develop an on-
tology for sensor service description. The ontology consists of three main components Ser-
viceProperty, LocationProperty, and PhysicalProperty. ServiceProperty explains what a ser-
vice does and properties in the other two components describe the contextual and physical
characteristics of the sensor nodes in a wireless sensor network architecture. The ontology is
represented in OWL form and some initial consistency checking and query results are pro-
vided to evaluate the validity of the proposed solution. The system, however, does not specify
how complex sensor data will be described and interpreted in a sensor network application.
The proposed framework concentrates on building a sensor description ontology for sensor
discovery and description of sensor meta-data in a heterogeneous environment. Although sen-
sor device and service description will contribute to build more autonomous sensor networks,
providing an interoperable data description model would be also an essential requirement in
an architecture for semantically enabled sensor networks.

A high level design for a universal ontology which consists of extension plug-in ontolo-
gies, sensor data ontology and sensor hierarchy ontology is described in [9]. The extension
plug-in ontologies enable the developers to integrate domain specific ontologies into the main
ontology. This describes the sensor network capabilities and provides relations between the
domain concepts and the sensor functionalities. The sensor hierarchy ontology is a knowledge
model for the sensors and actuators and other physical devices in the network. It describes
the features and capabilities of the elements and contains meta-data related to devices such
as measurement range, accuracy and calibration. The sensor data ontology describes the dy-
namic observational data for transducers. The ontology model describes the contextual data
with respect to the spatio-temporal attributes. However the illustrated model does not specify
the details of sensor data specification and relationships between various types of complex
sensor data. The taxonomy provided for the sensor hierarchy ontology specifies a set of pri-
mary numerical attributes for common types of sensors. In a practical scenario, sensor data
will include more complex data types and there will be a requirement for a universal structure
to define the sensor data and emerging semantics.

Seth and Hanson [10] discuss the idea of a semantic sensor Web framework to provide
enhanced meanings to sensor data and to create situation awareness for the sensor networks.
The semantics of sensor nodes is described within space and time dimensions, and it also
includes thematic data. The spatial meta-data provides sensor location and data information
in terms of a geographical reference system, location reference, or named locations. The

Thttp://www.opengeospatial.org/standards/gml



main assumption is that although the sensor’s location might be changing, its location can be
determined relative to the moving object. The temporal meta-data refers to the time interval
duration whose sensor data has been captured. Thematic meta-data provides descriptive in-
formation about the sensor node which can be derived by sensor data analysis, and utilising
tagging and textual descriptions [11]. The sensor Web facilitates interoperable architecture
for sensor networks and enables the application to process and interpret the contextual, ob-
servation and measurement data obtained from a sensor in a heterogeneous environment. The
authors describe different scenarios for applying the semantic Web technologies and ontolo-
gies to the sensor networks. One of the main issues in the semantic sensor Web architecture
is employing a unified data model which supports universal interoperability and semantic
description for sensor data. The latter will enable construction of content and context aware
sensor network applications.

Henson et al [12] describe a prototype application for the sensor Web by using annotated
video data. The dataset contains Youtube videos annotated with SensorML and XLINK?
models with reference to a time ontology. The authors discuss how utilising the semantic
leads to retrieve videos by specifying temporal concepts such as “within”, “contains”, or
“overlaps” during a time interval query submission. The proposed application demonstrates
the main benefits of adding semantics to the sensor network and sensor data. The authors use
keyword tagging and meta-data description to provide references to temporal concepts and
domain ontologies. An extension to this idea could be seen as providing a universal meta-data
structure with a broaden scope to accommodate various sensor data types.

3. Data Components Modelling

The SWE common namespace defines several value types and data types for sensor measure-
ment and observation data. The data types fall into the following main categories [2].

- Primitive data types, which complement the data types defined in GML.

- General purpose aggregate data types such as records, arrays, vectors, and matrices.

- Aggregate data types with special semantics such as curve, and time aggregates.

- Standard encoding to include semantics, quality indications and constraints to primitive
and aggregate types.

- Specialized components to support semantic definitions

- A notation for the description of XML and non-XML array encoding.

The data types are represented in XML encoded form; however it is also possible to use
other alternative encodings for the data. The primitive data types describe the scalar values
such as Quantity, Count, Boolean, Category, and Time. These data types provide primitives
to define the sensor data. Figure 1(a) shows a model of the simple data types in SWE names-
pace. A data component describes an object whose values can be defined as a set of simple
data types. The simple data types contain properties that describe different attributes required
for sensor data. The data types can be grouped together to construct an aggregate object [2].

8http://www.w3.org/TR/xlink/
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Figure 1: (a) The simple data types (b) The generic data aggregates

The generic aggregate components are defined as RecordTypes and ArrayTypes. There are
also derived aggregates such as DataRecord, SimpleDataRecord, DataArray, Vector, Condi-
tionalValue, and Curve. Figure 1(b) shows a UML model for the generic data aggregation
models in SensorML which is based on SWE namespace.

Position data is also an essential part of the sensor data types as many of sensor network
applications utilise position data for context and information processing. The method to de-
scribe the position information in SWE namespace not only focuses on position information
structuring itself, it also describes the dynamic information that are related to location and
orientation. The position information in addition includes velocity, acceleration, angular ve-
locity, and angular acceleration in combination with a time tag. Readers may refer to [2] for
more information on SensorML data types and SWE common namespace.

Although XML provides a flexible method to represent the data, it does not provide a full
potential for the machines to acquire and interpret the emerging semantics from data. The
concepts in XML data are represented in the form of broader and narrower concepts and other
types of meaningful relationship between data resources are not explicitly defined. Extending
the XML descriptions to ontological primitives and using more descriptive representation
structures enables advance analysis and enhanced data processing for heterogeneous sensor
network applications. The next section describes an ontology-based representation for sensor
data. The proposed model includes complex data types according to the SWE namespace
definitions. It also describes the meaningful relationships between the data components and
the attributes in a OWL representation form.

4. Sensor Data Ontology

Most of the current work on providing semantic data for sensor network is focused on using
semantic description for sensor nodes and elements which support advance analytics and sit-
uation and context awareness in sensor networks. Creating a semantic sensor data model for



sensor data related to measurements and observations is another important aspect in design-
ing highly scalable and advanced heterogeneous sensor network applications. This will also
support creating advanced data mining and knowledge extraction methods for real-time or
archived sensor data. We propose a framework for a semantic data description model which
provides interoperability and facilitates deriving additional knowledge from real-time and/or
stored sensor data. The semantic data model in collaboration with a semantic sensor network
architecture will support designing smart applications using sensor networks.

We have used Protégé’® an opensource ontology editor and knowledge acquisition system
developed at the University of Stanford. The Protégé editor is used to design the class and
property structure of the proposed semantic data model and also to define the constraint rules
for the associations and attributes. We have also imported a part of the NASA’s SWEET
ontology '° for measurement units. The ontology is serialised in OWL form which can be
deployed in common ontology management software such as Sesame and Jena. Figure 2
shows a fragment of our semantic sensor data ontology which is called SensorData Ontology.

AbstractDataComponent

AbstractDataRecord

Figure 2: A snippet of the SensorData ontology

At the first look, it seems the represented data in OWL form adds some complexity to the
data representation structure and there would be extra information that needs to be transmitted
from the sensor nodes. Considering the fact that sensors nodes have limited process and
memory capabilities, the data representation could appear as a bottleneck to the design. To
address this issue, we assume each sensor node will utilise a gateway or a similar solution
to wrap the observation data in the particular data type which is measured by the sensor
without requiring to be aware of the whole ontology structure. This means, that essentially

http://protege.stanford.edu/
10http://sweet.jpl.nasa.gov/ontology/



the measurement and observation data from a sensor node will be in a format which complies
with the SensorData ontology.

The data analysis and using ontology-based reasoning to extract additional knowledge
from the data will only occur in processing nodes which have more powerful processing
capabilities. The major cost of using the proposed method will be some extension in volume
of the transmitted data from the sensor node.

5. Evaluation and Discussion

To evaluate the proposed approach, we focus on expressibility and scalability of the represen-
tations for different types of sensor observation and measurement data. Using a composite
data as an example, we demonstrate how the representations differ by employing pure XML
serialisation as those suggested by SensorML and the proposed semantic model. We also
illustrate the RDFa'! annotation of XML data which supports both legacy and the semantic
data models [10]. Another important issues is the size increment for the data representation
when the semantic model is utilised.

<swe:Databecord definition="urn:ogc:def:property:0:6C: atmosphericConditions" >
<swe:field name="AirTemperature":>
<swe:Quantity definition="urn:ogc:def :property:0GC:AirTemperature" >
<3we:uom code="Cel" />
<awe:valus> 35.1 </swe:rvaluex
</gweiQuant ity
</swe:field>
<swe:field nsme="WindSpeed":>
<gweiQuanticy definition="urn:ogc:def :property:0GC:WindSpeed" >
<swe:uom code="mis" />
<swe:value> 6.5 </swe:valus>
</swe:Quant ity
</awerfield:
</ gwe:DataRecord>

Figure 3: A sample sensor data in plain XML

The amount of data to be sent to the network is essential for the power consumption of
the sensors. The main assumption is, transmitting more data requires more energy to trans-
mit. Figure 3 shows a data snippet created in plain XML, and Figure 4 demonstrates the
same data record expression using RDFa annotations. Using RDFa enables the representa-
tions to be compatible with the legacy data models such as SensorML and at the same time
semantic meta-data can be added to the main structure. Figure 5 describes the sample data
record according to the semantic model (represented in OWL form). The measurement data
is not directly embedded into the data record. Rather the record is related to two quantities
measuring two different phenomena of the physical world. All the used concepts are defined

http://www.w3.org/TR/xhtml-rdfa-primer/



<zwe:Datakecord definition="urn:ogc:def:property:0GC: atmosphericConditions" >
<sye:field swve-om:Quantity rdf:about="#AirTemperature' nawe="AirTemperature":>
<swe:Quantity definition="urn:ogc:def:property:06C :AirTemperature" >
<gwe:uom code="Cel" swe-om:hasUomldentifier rdf:shout=
"http: ffsweet.jpl.nasa.gorfontologyfunits.owlidegreeC" />
<zwe:value swe-ow:hasDoubleValue rdf:datatype="&xsd:;double'">35.1</sve:valus>
</swe:Quantity>
<fswe:field:>
<swe:field swe-om:Quantity rdf:shout="#AirTemperature" nsme="WindSpeed":>
<gwe:Quantity definition="urn:ogc:def:property:06C :WindSpeed" >
<gwe:uom swe-om:hasUomlIdentifier rdf:sbout=
"http://sweet.jpl.nasa.gov/ontology/funits.owliimeter perSecond'code="mfs" />
<swe:value swe-ow:hasDoubleValue rdf:datatype="&xsd:;double">6.5</swe:value>
<fswe: Quantity>
</swe:field:
</ gwe: DataRecords

Figure 4: A sample sensor data description in XML + RDFa annotations

externally and are therefore referenced in the descriptions. The overhead in OWL is signif-
icant compared to the pure XML specification. Sensor devices are typically constrained by
the transmission power and processing capabilities.

<gwe-om: Quantity rdf:ID="(uantity AirTemperature'>

<gwe-om:haslUomldentifier rdf:resource=
"http: /fsweet.jpl.nasa.govfontology/units.owlifdegreeC" />

<swe-om:hasDoubleValue rdf:datatype="http:ffwww.w3.org/2001 /XML Schemafidouble"
>35.1</sve-om: hasDoubleValues>
<swe-om:hasMName xml:lang="en">air temperature</swe-om: hasName:>
<swe-om:hasDefinition rdf:datatype="http: ffww.w3.org/f2001/3ML5chema#anyURL"
>urn:ogc:def:property: 0GC:AirTemperature</swe—om: hasbefinitions>

</ swe-om: Quant ity

<gwe-om: Quantity rdf:ID="Quantity WindsSpeed">
<swe-om:hasDefinition rdf:datatype="http: ffww.w3.org/f2001/3ML5chema#anyURL"
>urn:ogc:def:property: 06C:Windspeed</swe-om: hasDefinition>
<swe-ow:hasMName xml:lang="en">wind speed</swe-om: hasName>
<gwe-om:haslUomlIdentifier rdf:resource=

"http://sweet.jpl.nasa.gov/ontoloyy/units.owlimeter perSecond"/>

<swe—om:hasDhoubleValue rdf:datatype="http:/ffwww.w3.org/2001 /XM Schemafidouble"
*6. 54/ awe-om: hasDoubleValues

</ swe-om: Quanticty>

<gwe-om: DataRecord rdf:ID="DataRecord AtmosphericConditions">
<swe-om:hasField rdf:resource="#Quantity_nirTemperature“f>
<gwe-ow:hasField rdf:resource="#Quantity WindSpeed" />
<swe-om:hasDefinition rdf:datatype="http: ffwww.w3.orgf 2001 /XML 5chema#anyURL"
>urn:ogc:def:property: 0GC: atmosphericConditions</swve-om: hasbefinition>

</swe-om: DataRecords

Figure 5: An example of the sensor data description in OWL

Figure 6 illustrates data size increment utilising the semantic data model compared to the
legacy data. The machine interpretable representation needs more then the double amount of
data to be transmitted to the sensor network. This would lead to an increase of sensor nodes’
power consumption. most of the overhead consists of self explanatory meta-data that helps
the receiver of the information to interpret the data.

In many real world applications, the power saving requirement of the sensor nodes has a
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Figure 6: Evaluation of data size in the example

higher priority than the provisioning of a machine interpretable format delivered by the sen-
sors itself. Increasing the power consumption means cutting the lifetime of a battery powered
sensor. Such a trade-off between lifetime and machine interpretable data is very critical and
needs to be addressed using other components in the sensor network architecture. A poten-
tial solution is using gateways between sensor node and a sensor network. In this case, the
gateway receives binary data from sensor node which is optimised for the power and pro-
cessing efficiency. The gateway then applies the meta-data template to the data to construct
the semantic representation of sensor observation and measurement data. This enables the
sensor nodes to operate in optimum mode and the gateway components will be responsible
to construct the semantic representations of the sensor measurement and observation data.

6. Conclusions

The current data exchange for sensor networks relies on syntactic models which do not pro-
vide machine interpretable meanings to the data. A semantic model will not only enable
a more interoperable structure for sensor data, it will also enable machines to process and
interpret the emerging semantics to create more intelligent sensor networks. In this work
we have analysed the current state of the art on sensor data modelling and employing the
Semantic Web technologies. As a combination we propose a sensor data ontology that pro-
vides a complete semantic data modelling framework. The major drawback of introducing
sensor networks (which are traditionally designed to be of low complexity) to semantic data
modelling is the addition of meta-data that needs to be exchanged alongside the measured
data. There are however several deployment and operational mechanisms that can keep this
added complexity at bay. As already mentioned in section 4, processing of the meta-data,
i.e. adding the semantics, can be achieved once the data has left the low complexity part of a
sensor network, for instance the gateway or sink node can provide the additional processing;
hence only keeping for instance binary XML formats on the sensor network side. The meta
data annotation will be assigned to a designated gateway which receives the raw data and
wraps the value with annotations taken from a template (i.e. semantic model). The annotated
data can then be transmitted to the information subscribers.

The future work will focus on the evaluation of the impact of adding meta-data to the

10



measured data on the sensor side and using binary XML to keep the sensor network side
lightweight. In addition, all other processing to integrate the sensor data into the semantic
data model will be outsourced to the sink or gateway. The context modelling will be also
another step in developing automated mechanisms for resources discovery, composition, and
utilisation in a semantic-enabled sensor network architecture.
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