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Abstract. A Wide-Area Sensor Network (WASN) is a collection of het-
erogeneous sensor networks and data repositories spread over a wide
geographic area. The diversity of sensor types and the regional differ-
ences over which WASNSs operate result in semantic interoperability mis-
matches among sensor data, and a difficulty in agreeing on methods
for sensor data access and exchange. We assume that sensors and their
associated data have an explicit spatio-temporal basis (or tagging) in
their representation. In this paper, we describe a spatio-temporal loosely-
coupled federated database model for the WASN data storage problem -
that of unifying query and data representation given a heterogeneous
WASN - and propose a conceptual schema to ease the problem of inte-
gration of sensor data representations. This is a continuing and critical
challenge as sensor networks become more ubiquitous and data inter-
operation becomes increasing vital for a variety of applications (such
as homeland security, transportation, environmental monitoring, etc.).
We employ a top-down ontology-driven software development method-
ology. We use the SNAP/SPAN ontology as a sample framework for the
conceptual schema. We compare our methodology of conceptual schema
development with a bottom-up entity-oriented schema construction and
discuss the differences in the two approaches. A unique contribution is the
discussion of deployment experiences to evaluate proposed approaches in
the context of a concrete WASN testbed.

1 Introduction

We address the problem of unifying sensor data representation (e.g., for queries
and storage) in Wide-Area Sensor Networks (WASNs). A WASN is a collection
of heterogeneous sensor networks and data repositories spread over a wide geo-
graphic area (e.g., a deployment across one or more states). We aim to find com-
monality in the representation of the data records and their semantic description
given the heterogeneity of the constituent components. We observe that a ma-
jority of WASN-related data is explicitly or implicitly spatio-temporally tagged.
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In many cases, it is easy to argue for an explicit spatial and temporal context
for the WASN data, since the location and time-instant of data measurements
directly affect the command and control operations within the WASN. Example
domains for such sensor networks include transportation networks and CBRNE
(Chemical-Biological-Radiation-Nuclear-Explosive, [1]) detection networks. Sen-
sor networks have been a focus of much research in recent years [2I3]. Much of
the research targets resource-constrained wireless sensor networks. WASNs, by
contrast, are often not resource constrained. Although the concerns of power ef-
ficient computing, networking, and data access are relevant to WASNs near the
edges of the network, we address the complementary requirement for WASNs:
that they cover significantly larger geographic areas and incorporate a wide range
of sensor and application types.

The systematic representation and storage of the spatio-temporal data re-
lated to WASNSs presents difficulties because such networks typically support
a large number of heterogeneous sensors (types and manufacturers) and con-
sist of several autonomous regional domains carrying out sensor data collection
and sensor actuation. The diversity of types and the distances over which the
network operates results in semantic interoperability mismatches among sensor
data and a difficulty in agreeing upon sensor data access and exchange formats
and protocols. For example, data from the same type of sensor but from different
manufacturers may disagree in data formats, or may be implemented in a way
that the database stores the records differently. The difficulty arises in building
common structures for data transport, storage, and access that can apply to all
or the majority of the individual domains. The problem is exacerbated by the
spatio-temporal representation of the data-records which present challenges in
treating characteristics (like location and movement) systematically. While we
recognize that it will not generally be reasonable to fix or mandate one schema
across geographically disparate deployments or sensor modalities, we believe that
it is still a reasonable expectation to have a common baseline framework to repre-
sent and serve sensor data. Experiences constructing components of a wide-area
sensor network for the real-time collection and integration of sensor data [45]
show that a critical prerequisite to offering sensor data to a wide variety of ap-
plications (a model or software component that is a customer of the sensor data
as well as a potential actuator of the sensor) is uniformity of representation and
storage. Analogous to the interoperable Internet (for accepted access modes such
as http-based communication), data providers can participate in the sensor net-
work operation, regardless of the nature of the data source, or of the application
model, if they comply with recommended guidelines for data representation and
access. Here, we employ a methodology for sensor data characterization that uses
ontological principles to guide the definition of the entity categories. Specifically,
we use an ontology-driven software development methodology [6] building upon
the SNAP/SPAN [7] upper-level spatio-temporal ontology as a foundation for
the basic conceptual schema. The ontology-driven design methodology results in
a desired common framework, and enables us to construct the sensor network’s
data plane generically. For purposes of this paper we refer to the ontology-driven
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approach as top-down in contrast to an entity-oriented approach which we call
bottom-up.

1.1 Contributions

We make the following contributions. First, we discuss integration concerns in
WASNSs from the position of the well-studied area of federated databases, and
propose a spatio-temporal loosely-coupled federated database model for WASN
sensor data storage. Second, we design a high-level conceptual schema for achiev-
ing flexible integration of sensor data representations. The conceptual schema we
offer, based on a geospatial ontology, is capable of addressing the spatio-temporal
aspects of WASN data collection. Third, to evaluate our ontology-driven method-
ology of conceptual schema design, we qualitatively compare two conceptual
schemas developed over the course of the SensorNet architecture design process,
and discuss their strengths and weaknesses. One approach is a bottom-up entity-
oriented modeling approach that takes advantage of GML [8] concepts and the
other is a top-down approach derived from the ontology-driven approach. We
find that although the ontology-driven conceptual schema offers the richer se-
mantics that one may need, we do not yet address the implementation gap that
conventional entity-oriented methodologies fill effectively.

We consider our deployment experiences in SensorNet [5], a WASN testbed to
enable plug-n-play sensors and applications. SensorNet incorporates several stan-
dardized techniques for ingesting and disseminating data including standards
from the Open Geospatial Consortium (OGC) suite of specifications [SIQJTOIIT]
and the IEEE [12]. These specifications give us a unique and concrete foundation
to investigate the state-of-the-art and state-of-the-practice in creating interop-
erable WASN data models.

1.2 Scope and Outline

This paper addresses the problem of schema integration in the context of WASN
data interoperation. We relate our work to conceptual schema construction and
work in ontology-driven software development(e.g., [6]) - our goal here is to
compare two approaches to the schema construction in the specific domain of
WASN. The connection between generic schema construction for wide-area sen-
sor networks has not received very much attention in the literature. While they
do not directly address conceptual schema construction, IrisNet [I3] is an ear-
lier effort where the focus is a querying mechanism acting on an Extensible
Markup Language (XML) based distributed data collection and transmission
framework, and, more recently, the Global Sensor Network effort [T4] aims to
use a virtual sensor abstraction to make sensors accessible uniformly in a mid-
dleware. We make references through the paper to related work and approaches
we build upon in conceptual schema and ontology-driven software development.
More general questions of schema integration are beyond the scope of the paper
as are other practical challenges that are rooted in the distributed nature of
WASN data such as, for example, the security aspects of access. The remainder
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of the paper is organized as follows. Section 2] details general WASN architecture
and discusses the problem of data integration in WASN. Section Bl presents our
ontology-driven approach to conceptual schema design. In Section dl we qualita-
tively compare the developed top-down and the bottom-up schemas. Section
contains a summary and avenues for future work.

2  WASN Architecture and Data Integration

In this section, we present general WASN architecture considerations and discuss
the data interoperation problem.

2.1 Architecture and Operation

The WASN architecture [5] accomplishes distributed data dissemination from a
large variety of sensors using different types of connectivity and data acquisition
modes. A regional instantiation of a WASN consists of four primary entities:
sensors (and actuators), aggregation nodes, regional data centers, and user ap-
plications (Figure [II).

| Software
Applications

Multiple Regional
Data Centers

foad
@@@@
> o o

Fig. 1. WASN Architecture

The SensorNet Node is a device which collects data from various kinds of
sensors and actuators, provides intermediate storage for the collected data, and
transmits the data either to a regional center for permanent storage or a user
application for analysis. The Node is built around an embedded PC-compatible
computer that runs Linux OS and a Java-based server that implements the
Open Geospatial Consortium (OGC) Web Feature Service (WFS) protocol [10].
(WFS was chosen because it was an accepted standard that supported spatio-
temporal data transport and querying. Until recently, WFS alone had these
characteristics.) Communication with the sensors takes place through a variety
of means such as RS232 ports, USB or IEEE 1451 enabled devices [I5]. The node
is equipped with multiple standard wired and wireless communication devices
such as modems and network ports. Nodes can be configured either as stationary
platforms installed in the environment or compact transportable devices [16].
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The WASN node supports several types of sensors (chemical, radiological, bio-
logical, weather and etc.). The Node data processing functions include:

— connecting to sensors,

— collecting data from sensors,

— issuing commands to sensor and actuators,

— preprocessing collected data to perform validation and calibration of the
sensor readings,

— tagging the data with location coordinates and time stamps, and

— issuing alerts when a threshold is exceeded.

Applications access data from the regional data centers that act as hubs of the
regional federate. Regional data centers thus provide permanent storage and
retrieval capabilities for the collected data. Communications between software
applications, nodes and regional centers on the WASN are performed using the
WE'S protocol for data insertions and retrievals. Entities within the message are
described as OGC features. An OGC feature is a set of property-value pairs, one
of whose properties is an OGC geometry with a geospatial reference [I7]. Other
feature properties carry information such as time stamps and measurements.
Each feature has a feature type description associated with it.

2.2 Data Integration

A WASN imposes a federated database structure in the sense that, on the one
hand, it provides unified access to a multitude of sensor data sources while,
on the other hand, it allows regional autonomy on the data. For example, a
WASN does not define a concrete set of regional centers or specific models of
sensor devices that are needed to participate in the WASN. Such an approach
allows for great flexibility and extensibility of the information system. It also
minimizes the cost of connecting new and legacy sensor networks to a growing
WASN. However, this approach brings many challenges typical to any federated
and ad-hoc expanding data system.

To address the problems of unifying query and record structure and preserv-
ing the semantic integrity of the data, we first discuss database schema trans-
formation and mapping in the context of a WASN. The database schema is a
description of the data managed by the database system. Database schemata
are composed of descriptions of the databases objects (tables, classes, types,
etc.) and the relations between these objects. Schemata may be associated with
vocabularies and ontologies to maintain relevant semantic information. In feder-
ated databases, compatibility between record structures and query languages is
achieved by transforming or mapping component database schemata into a single
federated schema and by converting the corresponding data as shown in Figure[2l
In loosely-coupled federated databases, component database schemata typically
develop independently of the federated schema and the data has to be converted
according to several database schemata that play different roles in the feder-
ation. Component databases of a federated database system (FDBS) typically
store their data using internal schemata that are optimized for the particular
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Fig. 2. Schema Translation in WASN

purpose a component database was developed for. Component databases expose
their data using external schemata that are a subset of the internal schema and
that contain the elements that are relevant for the FDBS.

In a WASN, the role of component databases on the data production side
is played by sensors and partly by the WASN nodes. The internal schema of a
sensor is either based upon a sensor standard (e.g., the IEEE 1451 Transducer
Electronic Data Sheet (TEDS)) or defined during the WASN node setup. A
sensor schema may contain data that is not necessarily pertinent to the overall
operation of the WASN such as the calibration or sensor health information.
Such data is omitted from the external sensor-level schema. On the WASN node,
the data is tagged with a spatio-temporal reference that also becomes a part of
the external sensor schema. An external schema of a sensor may be specific to
that sensor. For a federation of a large number of sensors, the sensor data has
to be translated into some common federated schema (“Federated Schema” in
Figure|2(a)). We do not preclude multifederation with several federated schemata
(Figure 2(b)) but do not address it here for space reasons.

For an application to be able to retrieve WASN data, it must be able to
translate the WASN federated schema into its own external schema. In most
cases a user will need to develop an import schema that is compatible with the
application external schema which represents a subset of the WASN federated

schema as shown in Figure

3 Conceptual Schema Design

Due to the potentially unlimited variety of applications that can utilize WASN
data and the many types of sensors accessible through the WASN, the main
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challenge of federated schema development is to create a schema that would be
universal enough to accommodate a large variety of potential data sources and
data uses and yet be restrictive enough to gain the benefit of a common schema.

The conceptual schema needs to capture the most general entities and rela-
tions contained in the system. The role of a conceptual schema is to serve as
a basis for the development of the implementation-level schemata expressed in
formal languages like SQL data definition language, XML schema or others. A
WASN conceptual schema should cover not only entities related to sensors but
also the most general notions that can be used by the user applications. Be-
fore implementation, the software developer translates entities of the conceptual
schema into implementation-level objects of a particular computation platform
such as table definitions of relational databases or classes of object-oriented pro-
gramming languages. We note that there may not be a direct correspondence
between conceptual- and implementation-level entities. For example, a sensor on
the WASN conceptual schema (Figure Bl may be represented as several inter-
linked relational tables.

Different methodologies for the development of conceptual schemata have
been discussed in the literature [ISIT9]. In this study we present two approaches
for WASN conceptual schema development in the SensorNet project. One ap-
proach is a bottom-up approach based on entities, and the other is a top-down
approach using the upper-level SNAP/SPAN ontology.

3.1 Bottom-Up Conceptual Schema

Figure B shows the structure for the bottom-up schema [20]. The data interop-
eration is accomplished through WFS clients located on the WASN nodes and
WES servers at the data centers. For the communications inside the WASN that
we consider here, the data is encoded in a GML application schema and each
record is represented as an OGC feature tagged with a spatial location and a
time stamp.

GML
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Fig. 3. Bottom-Up SensorNet Concept Map
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The central entity of the SensorNet schema is the GML Feature inherited from
the GML schema that is a set of property-value pairs, some of whose values rep-
resent geometry. Each Feature and its descendants has properties to characterize
its spatial and temporal locations. To represent locations, the schema incorpo-
rates a limited subset of GML geometries including GML Points, Timelnstants
and bounding boxes. Although this set of geometries can potentially be extended
to other GML geometry types, the types used satisfy most of the requirements
for storage and retrieval of the data in the WASN and limiting to these types
significantly simplifies implementation.

Data centers, Observations, Events, Alerts and Data Source all extend the
GML Feature and inherit its properties. An Observation is used to store mea-
surements performed by the Sensors. Nodes and Sensors represent Data Sources
that can be queried or instructed to perform Observations. Each Observation is
always associated with a Data Source. In the WASN architecture, locations are
associated with the Nodes which are equipped with global positioning system
(GPS) devices (a Node inherits its Location property from the GML feature).
After a measurement has been taken, its geographic coordinates are stored in the
Node database as a GML Point. Sensor measurements are stored within Obser-
vations as XML records whose structure is defined by sensor-specific Data Type
Definitions (DTDs). Events and Alerts are intended to communicate information
such as sensor observations exceeding certain values. Events represent changes
notable from the SensorNet operation point of view, e.g., low battery reading,
communication channel failures. Alerts are a narrower category of Events in-
tended for SensorNet users. Alerts are issued in cases of, for example, radiation
sensor readings that exceed a certain threshold. Each Alert and Event is asso-
ciated with a Node and Sensor that it has originated from. Location History is
used to represent movements of Sensors and Nodes. Each record of the Location
History type describes a point and associated time stamp for the location of a
Sensor or a Node. It can be retrieved from a WFS just like any other Feature.

The approach for developing the schema shown in Figure [ is based on the
GML specification and accumulated practical knowledge of developing sensors
and sensor platforms. The schema evolved in parallel with the architecture pro-
totype being built. Additional entities (for example, Location History) are added
to the schema in order to accommodate the needs of the prototype development
and continually translated to an XML structure using standard ER-Modeling
based translation.

3.2 Ontology-Driven, Top-Down Approach

The breadth of the potential application area of the conceptual schema necessi-
tates the use of a systematic methodology for the study of conceptualization. To
develop such a schema we investigate the conceptualization of the WASN domain
area. Our goal is to produce a conceptual schema that later would serve as a
foundation for implementing a WASN federated schema following the approach
called “ontology-driven development” as proposed in [6]. We build a conceptual
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schema using a formal ontologyEl as a tool for comprehending the conceptualiza-
tion of the WASN domain.

We express our domain conceptualization (or domain ontology) as a repertoire
of entities and relations that are necessary to communicate the concepts (as
opposed to the artifacts). Examples of such entities within the WASN domain
are sensors, measurements, classes of sensors, etc. Relations are defined between
entities. Examples of relations in the WASN context would be an association
between a measurement and a sensor, or a “kind-of” relation between a specific
sensor and a class of the sensor device that it belongs to. To create the catalog
of entities, we use a methodology similar to that described in [19]. We study the
various narratives describing sensor data acquisition and use. To create a list of
entities, we identify nouns and noun phrases specific to the sensor domain. Then
we clean the list of synonyms and entities with low importance in the context of
a WASN. We obtain the list of relations by analyzing association between the
entities and also using general expertise in the domains of sensors and geographic
data. After collecting a catalog of entities and relations, the next step we take
in the development of the domain ontology is to classify the domain entities
according to the broadest top-level ontological categories. Development of an
exhaustive but meaningful classification of all entities of some domain would be
a significant challenge, and consequently we rely on a sample top-level ontologyﬁ
discussed in the philosophical literature and described in [7].

SNAP/SPAN Ontology. Here we use the top-level categories of the
SNAP/SPAN ontology (Figure [ [7, page 74, modified and highly simplified])
to build a conceptual schema for the WASN - shown in in Figure[Bl This ontol-
ogy subdivides all entities along class/individual and SNAP/SPAN dimensions
(which we describe below) and has advantages such as independence from any
particular application domain in the WASN and thus has an intrinsic ability to
account for the dynamic nature of the reality. It also has an extensive formaliza-
tion in first-order predicate logic [31]. The choice of SNAP/SPAN ontology was
largely influenced by its explicit support of dynamic entities.

Support for dynamics is critical for WASNs because monitoring change and
detection of processes is a goal of any WASN operation. The SNAP/SPAN on-
tology framework that we adopt here has previously been successfully applied to
the design of spatio-temporal applications [32I3334], analysis of the conceptu-
alization in hydrologic models [26], and the solving of semantic interoperability
problems for CAD/GIS data models [35].

! Formal ontology is a study of the basic constituents of reality and is deeply rooted
in philosophy [2I]. Here we use the notion of ontology as an explicit specification of
the conceptualization [22]. Ontological methodologies have proved their efficiency in
other domains including medical information systems [23124] and biological classifi-
cations [25].

2 The use of top-level classifications is common in ontology development [26127128].
Examples of systems of top-level categories of entities are IEEE SUMO ontology or
John Sowa’s upper-level ontology [29130].
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Top-level ontological categories are systematized as a proper tree with each
domain entity instantiating one and only one terminal (leaf-level) category (Fig-
ure [M)). At the root of the category hierarchy, all entities are subdivided into
classes and individuals. Classes represent concepts, while individuals are entities
that have specific spatial and/or temporal locations [36]. For example, “temper-
ature sensors” is a class and a particular temperature sensor outside a building
is an example of an individual.

The central dichotomy of the SNAP /SPAN ontology in the branch of individuals
is the subdivision of all individuals into two non-overlapping classes of entities —
SNAP (or object-like) entities and SPAN (or process-like entities) as shown in
Figure @ Occasionally, in the literature, these SNAP and SPAN entities are re-
ferred to as endurants and perdurants respectively. SNAP entities are capable of
preserving their identity through time. Examples of SNAP entities are humans,
planets, cities, crevices, etc. Examples of SNAP entities in the WASN domain are
sensors, actuators, nodes or service personnel. By contrast, SPAN entities unfold in
time and only a part of a SPAN entity exists at each moment of time. (A perdurant
is always dependent upon an endurant, for example, in the pair (you, your life)
you is an endurant and your lifeis a perdurant. your i fe has such parts as child-
hood, youth, adulthood and old age. At any point of time only one part of your life
exists. your life is dependent on you in the sense that it does not make sense to
discuss your li fe without referring to you and there is nothing like your li feif you
does not exist.) Processes and events (instant occurrences) are kinds of SPAN en-
tities. Other examples of SPAN entities are communication sessions, an alert event
(as opposed to an alert message) and many others.

WASN Ontology-Driven Conceptual Schema. The central notion (or en-
tity or concept) of the WASN conceptual model is a sensmﬁ, which is a particular

3 Sensors can be equipped with actuators that control sensor position, orientation, etc.
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Fig. 5. WASN Ontology-driven Conceptual Schema

device capable of performing measurements of some properties of the environ-
ment. To house sensors, we require sensor platforms. Sensor platforms can be
stationary, like poles or wall brackets, or mobile. A single sensor platform can
carry several sensors. In this case, sensors are said to be arranged into sensor
collections that share the same platform. An example of a sensor collection is
a WASN node. Individual entities of the conceptual schema correspond to the
substantial entities of the top-level ontological categories in Figuredl Each sen-
sor, sensor collection, platform and actuator has a corresponding record in the
database of a regional center it belongs to. Each of these entities is first regis-
tered with a WASN node. Then the node transmits the descriptive data to a
regional center from where it becomes available to the WASN users. The main
purpose of these records is to support inventory and discovery of the available
equipment that can be used for data collection.

Sensor categories are another facility for WASN resource discovery. They pro-
vide users with a class view over available sensors and other resources. Sensor
categories represent types and classes of sensors and are organized strictly hier-
archically. There are several hierarchies intended to capture various dimensions
of the category space of sensors. For instance, there can be hierarchies created
by the type of measured property or measurement technology. A measured prop-
erty hierarchy is used to query the different kinds of measurements available on
the WASN. Another hierarchy can be set by the manufacturer to be used for
hardware maintenance tasks. Each sensor belongs to at most one category in a
single hierarchy but it can be represented in multiple hierarchies. Sensor cat-
egories also play another important role by supporting automatic aggregation
of the data collected from sensors. For example, sensors capable of measuring
temperature can be made by different manufacturers. The WASN cannot impose
the requirement to use a specific sensor model of a sensor produced by a specific
manufacturer. However, the data collected by the models produced by different
manufacturers are likely to be comparable and should be visible to the end-user
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application as a single aggregated dataset of temperature measurements. Such
aggregations can be performed along the specialized sensor category hierarchy.
Sensor categories are Classes in the top-level ontological categories hierarchy
(Figure [). The system of categories can be extended to entities other than
Sensors.

A sensor position within the geographic space is represented through two
kinds of locational entities: spatial location and spatial support. The spatial loca-
tion of a sensor is a point on the Earth surface where a sensor platform is found
at the moment when a sensor is active and performs measurements. Static plat-
forms have fixed locations while locations for movable and mobile platforms can
change. In the WASN, a sensor location is determined on the basis of the GPS
coordinate of a WASN node. A sensor is said to have a support, that is, a spatial
region that is characterized by the sensor. In most cases a support is different
from a sensor location. For example, a pan-tilt-zoom camera can be installed on
a poll with known geographic coordinates. The area that this camera captures
is the support of this sensor. Another example is a temperature sensor whose
support location is limited to the room in which the sensor is installed. Sensor
location and sensor support can be deduced from the properties of the sensor
itself and the sensor platform.

Spatial location and spatial support belong to the category of “spatial regions”
of the top-level hierarchy (Figure[]). In the WASN database they are recorded as
GML Feature Geometry objects []]. For automatic inferencing, relations between
location and support can be expressed using an Egenhofer nine intersection
model or region connectedness calculus [37U38].

Each occurrence of a measurement performed by a sensor is called an acqui-
sition event. An acquisition event is a SPAN entity in the top-level hierarchy
in Figure [ Records of acquisition events comprise the bulk of data stored in
the WASN and are the major target of WASN queries. Each acquisition event
is associated with the sensor location and support at the moment that the mea-
surement was performed. As a SPAN entity, an acquisition event has a temporal
location and a temporal support, both representing temporal regions from the
top-level category hierarchy (Figure H). Temporal support plays the same role
in relation to temporal location as spatial support in relation to spatial location,
that is, a temporal region representing the time period for which the result of
the measurement remains valid. An acquisition event temporal location is not
necessarily a time instant and may have more than a zero time length.

A temporal support is typically confined within a temporal location. For ex-
ample, a camera usually needs some time to adjust to lighting conditions after
being switched on. The first few frames typically contain erratic data and will be
a part of the acquisition event temporal location but not of the temporal support.

Movement of the sensor is represented by a special SPAN entity called Move-
ment. Movement is intended to capture the constantly or intermittently changing
location of a sensor. Movement has two entities associated with it: Trajectory
is a spatial region to represent trajectory of the movement, and Time Interval
represents a temporal region during which the movement has occurred.
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4 Comparison of Conceptual Schema Constructions

The schemata in Figure[Bland Figure[Bl were developed for the same domain but
on different premises and they exhibit different sets of entities and relations.

The biggest difference between the schemata is the direct use of the well-
defined GML Feature in the bottom-up schema (Figure B]). Most other enti-
ties of the schema extend (i.e., inherit their properties from) the GML Feature
that enables them to have such properties as Functional Labels and spatial and
temporal locations. In terms of object-oriented programming (OOP), the GML
Feature represents a superclass of other classes in the schema. The benefit of
structuring the schema in this bottom-up way allows implementors to translate
the schema to a WFS engine or a database mapping directly. The ontology-
driven schema (Figure [l) does not use the extend relation in its OOP sense,
leaving that to more implementation-level schemata, thus gaining semantic flex-
ibility for some ambiguity in implementation. As may be expected, the goal of
allowing a common semantic structure to describe diverse application concepts
comes at the cost of not providing specific mappings for implementors. If WASN
architects recommend a specific implementation (e.g., WFS or a web-service
implementation) along with an advertised vocabulary, the ontology-driven ap-
proach provides semantic commonality (and a top-down systematic structure to
build upon) and enables implementation interoperability.

4.1 Representation of WASN Infrastructure

Representation of the WASN infrastructure in the two schemata have impor-
tant differences stemming from the central component used for the modeling.
The GML Feature element provides a common glue that does not easily en-
able the model to capture the semantic interdependence of the other entities.
For the edges in the graph in Figure B the named relationships start resem-
bling a part of the notions of a Sensor and Observation (Acquisition Event in
Figure [A). The benefit of the latter of course is that the modeler gravitates to
these representations at the outset instead of in retrospect. As an example, the
SensorNet Node present in the bottom-up schema corresponds to the Sensor
Collection in the ontology-driven schema. However, the notion of Sensor Collec-
tion is a more general concept and easily extends to other groupings of sensors
such as actuators. While an expert designer would inject a systematic struc-
ture at the beginning in Figure [3 our claim is that the approach illustrated in
the top-down ontology-driven approach orients the designer’s mindset to allow
systematic model construction.

4.2 Representation of Space and Time

There are significant differences in the models of space and time used in the
schemata. The subset of GML geometric primitives that includes Point, Box,
Timelnstant and TimePeriod are specified first as building blocks. It takes de-
signer ingenuity to collect and apply them for a WASN use case. In contrast, the



Spatio-temporal Conceptual Schema Development for WASNs 173

ontology-driven schema orients itself to apply to the domain of interest and the
intended meaning. In addition to Sensor Spatial and Temporal Location (Ac-
quisition Time), it introduces the notion of Support, i.e., a spatial or temporal
region that is characterized by the sensor. Emphasis on user-level queries and
applications in the ontology-driven schema necessitates introduction of such en-
tities as Spatial and Temporal Support. The top-down representation of space
and time allows designers to easily include more complex notions of temporal
phenomena and their relationship to the spatial components. For example, topo-
logical configurations may be described (and discussed) as first-class objects. It
is harder to instantiate this structure in the bottom-up model because aggrega-
tions of constituent components requires additional entities (e.g., a trajectory as
a collection of points).

4.3 Representation of Motion and Dynamics

The schemata take different approaches towards representation of movement
and dynamics. In the bottom-up schema, Location History is an add-on en-
tity that stores coordinates and time stamps of sensor locations. The ontology-
driven schema uses a domain-aware, and therefore directly applicable entity
called Movement that is associated with spatial and temporal regions. Relating
Movement to an implementation helps a designer in bringing to the surface the
true intention of the entity, as opposed to using a construction such as Location
History.

5 Summary and Future Work

This study addresses the problem of semantic heterogeneity and semantic inter-
operability of data collected in WASNs. The study presents an entity-oriented
(bottom-up) and an ontology-driven (top-down) methodology for conceptual
schema construction and illustrates a set of differences. The top-down conceptual
schema offers the potential for better interoperability with user-level software ap-
plications because user semantics are taken into account early in the development
process. The interoperability advantage comes with the higher level of indepen-
dence of the conceptual schema from a computing platform because it relies on a
very general conceptual framework. The schema can ultimately be implemented
using the technologies that the bottom-up approach uses. The bottom-up ap-
proach has the benefit of being closer to the implementation and thus allows
rapid translation to an implementation structure. An overall conclusion of the
study is that ontology-driven methodologies can benefit extensibility and cross-
domain interoperability over time but require larger efforts at the early design
and development stages.

Several research activities can build upon our work. A direction for future
development of the ontology-driven conceptual schema proposed in this paper
is to follow through with the prime motivator for ontologies in the first place -
formal models in order to identify internal inconsistencies and ambiguities. This
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issue becomes particularly relevant as the research community starts formalizing
the systematic mapping of semantics (from top-down conceptupal schema de-
sign) into the design/development of the database schema implementations (the
latter remains a gap in the state-of-the-art). Another clear direction for research
is evaluating quantitatively the performance differences in the implementations
that derive from the two schema constructions.
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