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Executive Summary

This deliverable presents the semantics-based data models and language that we will utilize in
TELEIOS.

First, we discuss the challenges for semantic data modeling in TELEIOS by concentrating on the
two use cases “A Virtual Observatory for TerraSAR-X data" and “Real-time fire monitoring based
on continuous acquisitions of EO images and geospatial data".

For each use case we discuss what challenges arise in semantic modeling of the relevant data sets
using W3C standards such as RDF, RDFS, OWL 2 and SPARQL. We also discuss interesting
queries that cannot be answered using internal data sets only, but become possible when these
data sets are combined with geographic information publicly available on the Web.

After an extensive review of the related work, we present a new version of the data model sSRDF
and the query language sSPARQL proposed recently by our partner NKUA that extend the W3C
standards RDF and SPARQL for representing and querying spatial data in the Semantic Web.
In the new version of sRDF and sSPARQL, called SRDF++ and sSPARQL++, we opt for a
more practical solution to the problem of representing geospatial data and use the OGC standards
Well-known Text and GML instead of linear constraints. Our approach resembles OGC standards
regarding how to use SQL to query geographic features as they have been adopted by commercial
RDBMSs, e.g., PostGIS or Oracle Spatial. Our approach is also closely related to the language
GeoSPARQL, a new proposal for a standard currently discussed by OGC.

Finally, we go a step further and show how to extend sRDF and sSPARQL to allow the represen-
tation and querying of qualitative spatial relations as they have traditionally been studied by the
qualitative spatial reasoning community. In the proposed extension of sSRDF, called sRDF*, we use
a new kind of literals to represent spatial regions about which the known information is incomplete
or indefinite, e.g., region A is inside a known rectangle R but we do not know its exact geographic
location, or region A is north of region B and it overlaps region C etc.

We expect the data models and languages defined in this deliverable to have impact beyond
TELEIOS: in the representation and querying of linked geospatial data sets on the Web, and
in the development of a new generation of spatial reasoners for the Web.
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1. Introduction

Work package WP2 of TELEIOS lays the foundations of data models and query languages that
will be used in the project. The technical work that is carried out is divided into two tasks:

e Task 2.1: Extending RDF and SPARQL with time and space (with NKUA as lead partner)

e Task 2.2: Array data models and query languages for earth observation image data (with
CWT as lead partner)

The research carried out in the two tasks is complementary. Task 2.1 concentrates on high-level
semantics-based data models for querying use case data sets that can profitably be represented in
such a way (e.g., satellite image annotations, geospatial data etc.). Task 2.2 develops the query
language SciQL which is a combination of multi-dimensional arrays with SQL so that we have a
query language that is useful to scientific database users in general, and to scientists and engineers
working with satellite images in particular. For details of the work in Task 2.2 see Deliverable D2.2
“An array data model and query language for EO image databases".

This deliverable concentrates on Task 2.1 and makes the following contributions:

e We discuss the challenges for semantic data modeling in TELEIOS by concentrating on the
two use cases “A Virtual Observatory for TerraSAR-X data" (called “the DLR use case" in
the rest of this deliverable), and “Real-time fire monitoring based on continuous acquisitions
of EO images and geospatial data" (called “the NOA use case"). The data sets that have
been made available to TELEIOS partners by DLR and NOA include standard products that
have been produced after processing raw images, metadata files describing raw images and
other products and related geospatial data sets. We give details of these data sets and discuss
what challenges they pose to semantic data modeling using W3C standards such as RDF,
RDFS, OWL 2 and SPARQL. We also discuss interesting queries that cannot be answered
using internal data sets only, but become possible when these data sets are combined with
geographic information publicly available on the Web such as gazetteers, linked open GIS
data J[ALHQ9] etc. W3C standards such as RDF, RDFS, OWL 2 and SPARQL that are
championed in TELEIOS enable us to achieve this integration by tapping the wealth of
information that is currently available as linked dataEI

e We present a new version of the data model sRDF and the query language sSPARQL pro-
posed recently by our partner NKUA [KK10] in the context of the FP7 ICT project Semsor-
Grid4Envﬂ sRDF and sSPARQL are extensions of the W3C standards RDF and SPARQL
for representing and querying spatial data in the Semantic Web. sRDF and sSPARQL follow
the tradition of constraint databases [KKR90| and use linear constraints for the represen-
tation of spatial data. The constraint-based approach of [KK10] has led to a theoretically
elegant framework where the semantics of SSPARQL query evaluation can be easily given as
an extension of the standard SPARQL semantics of [PAGO6].

We note that [KKI10| defines an extension of RDF and SPARQL that also enables the rep-
resentation of the wvalid time of a triple as in [GHV07|. For this reason, the most general
model of [KK10] is called stRDF and its corresponding query language stSPARQL. In this
deliverable we do not consider issues related to the valid time of a triple since the issue has
not arisen in the two use cases of the project. However, we do allow the presence of time
in the object part of a triple (this is called user-defined time in the terminology of temporal
databases [SA8H]) since this is useful for both of our use cases. But user-defined time can be

L http://linkeddata.org/
2 http://www.semsorgrid4env.eu/
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expressed in RDF itself so sSRDF is the data model of [KK10] that is of interest to us in this
deliverable.

In the new version of sSRDF and sSPARQL, called sRDF++ and sSPARQL++, we opt for
a more practical solution to the problem of representing geospatial data and use the OGC
standard Well-known Text (WKT) instead of constraints. Our approach now more closely
resembles OGC proposals regarding how to use SQL to query geographic features [OGC10d]|
as they have been adopted by commercial RDBMs e.g., PostGISﬂ or Oracle Spatiaﬂ In this
way, we expect that SRDF++ and sSPARQL+-+ will be adopted more easily by applications
such as the ones that are represented in TELEIOS where there is a long tradition of using
geospatial representations that are closely related to OGC standards such as WKT.

e We show how to extend sRDF and sSPARQL to allow the representation and querying of
qualitative spatial relations as they have traditionally been studied by the qualitative spatial
reasoning community [RNO7]. In the proposed extension of sSRDF (called sRDF?), we use
a new kind of literals to represent spatial regions about which the known information is
incomplete or indefinite (e.g., region A is inside a known rectangle R but we do not know its
exact geographic location, or region A is north of region B and it overlaps region C etc.). In
the general case, such incomplete or indefinite information is expressed in terms of possibly

disjunctive qualitative spatial constraints representing size (e.g., “large", “small"), direction

(e.g., “right of", “above"), distance (e.g., “far", “near"), shape (e.g., “convex") or topology
(e.g., “overlaps", “contains") of spatial objects [RNO7|. sRDF" is essentially an extension of
sRDF in the spirit of indefinite constraint databases developed by the NKUA group in the

past [Kou94d, [Kou94bl, [Kou97].

In the data sets of the two TELEIOS use cases, qualitative spatial constraints can be ex-
ploited for the representation of geospatial information for many reasons: (i) they are closer
to the way human users perceive commonsense geospatial information, (ii) some of the prod-
ucts derived from satellite images contain indefinite geospatial information (e.g., due to the
impreciseness of available image processing techniques, spatial granularity etc.), (iii) external
data sources such as geospatial information available on the Web are relevant to the two use
cases but the geospatial information retrieved from these data sources might be available
only in qualitative terms etc.

The contributions of this deliverable go beyond TELEIOS. Geospatial data are made available on
the Web continously (e.g., see the recent version of the ontology YAGO2 [HSBW10| that describes
time and location for its entities). Thus the importance of data models and query languages such as
sRDF and sSPARQL will be greater in the very near future. Current work in OGC for developing
the language GeoSPARQL [OGCI10b| points to the same direction.

Description logic researchers have also been studying the problem of reasoning with spatial knowl-
edge using description logics for some time [HM02], [LMO07], and interesting extensions of well-known
spatial reasoners such as Pellet and Racer have been presented recently [SS09, [Wes02]. The pro-
posed model sRDF" can also be seen as a contribution towards this line of research (but notice
that we consider only ABox-like information).

In Task 2.1, we also have two other activities:

e To define the semantics of query evaluation for stSPARQL-++ by following the algebraic
approach we used for stSPARQL [KK10].

e To study the computational complexity of query answering in sSSPARQL, sSPARQL++ and
sSPARQL!. The first question here is to see whether the data complexity results for SPARQL
presented in [PAGQ9] carry over to sSSPARQL and sSPARQL++. Then, the same question
will be asked for sSSPARQL!. We will then identify cases where query evaluation can be

3 http://postgis.refractions.net/
4 mttp://www.oracle.com/technetwork/database/options/spatial/index.html
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efficiently implemented, so that these cases are developed in the prototype system of work
package “Scalable storage and query processing for EO image metadata" (WP4).

These two activities of Task 2.1 research will be reported in the forthcoming deliverable D2.3
“Theoretical results on query processing for RDF/SPARQL with time and space”.

The rest of this deliverable is organized as follows. The next chapter discusses the semantic data
modeling challenges in TELEIOS. In Chapter [3] we survey related work in the areas most relevant
to this deliverable. In Chapter [l we present a new version of sRDF and sSPARQL using OGC
standards. In Chapter [5| we discuss an extension of sRDF and sSPARQL for reasoning with
qualitative spatial information.

D2.1 A data model and query language for an extension of RDF with time and space 3
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2. Semantic Data Modeling Challenges in TELEIOS

In this chapter we discuss the challenges for semantic data modeling in TELEIOS by looking
into the specific details of each of the two use cases of the project. First, we focus on the DLR
use case that deals with building a Virtual Observatory for TerraSAR-X satellite data. Then we
examine in detail the NOA use case that deals with real-time fire monitoring based on continuous
acquisitions of earth observation images and geospatial data. More details about the use cases
can be found in the Deliverable 6.1 “Requirements specification for the VO for TerraSAR-X data
and applications” for the DLR use case, and Deliverable 7.1 “Requirements specification for the
real-time fire monitoring application” for the NOA use case.

In order to illustrate the use of semantic web technologies in each of the use cases, we shall give
some simple examples using sRDF++ and sSPARQL++. Although a detailed introduction to
these languages will be done in Chapter [4 the examples given here are an informal introduction
to SRDF++ and sSPARQL+-+ and their use in the two TELEIOS use cases.

2.1 Semantic challenges in the DLR use case

In this section we focus on the DLR use case of TELEIOS. First, we give a brief overview of
this use case and the data sets provided by DLR. Then we review the current system that is
used for querying and retrieving the data, and discuss the challenges that arise in using semantic
web technologies for the same purpose. We sketch how the current functionality can be achieved
using these technologies and give some high-level examples. Finally, we discuss some interesting
queries that go beyond the current functionality. These queries involve the effective combination of
different data products that are available inside DLR, as well as the use of geographic information
publicly available on the web as linked dataE

2.1.1 Description of the DLR use case

The DLR use case refers to the construction of a virtual observatory for TerraSAR-X satellite data.
TerraSAR-X is a German Earth observation satellite developed by the German Aerospace Center
(DLR) and EADS Astrium (an aerospace subsidiary of EADS, the European Aeronautic Defense
and Space Company). The primary payload of TerraSAR-X is an X-band radar sensor with a
range of different modes of operation, allowing it to record images with different swath widths,
resolutions and polarizations. TerraSAR-X thus offers space-based observation capabilities that
were previously unavailable. Figure shows an artist’s view of the satellite.

The objective of the mission is to provide value-added synthetic aperture radar (SAR) image
data in the X-band, for research and development purposes as well as scientific and commercial
applications. However, the current state-of-the-art methods for SAR information extraction and
understanding are not yet sufficiently developed to cope with the dual curse of complexity: high
resolution and huge data volumes. The purpose of this use case is to demonstrate the advantages
of the TELEIOS technologies by achieving the following objectives:

1. Go beyond the existing EOWEB portal that simply offers a hierarchical organization of
TerraSAR-X products together with a temporal and geographic selection menu. The goal
is to develop a system that enables queries that capture the semantics of the content of the
images and combine it with other data products that are available inside DLR as well as
external data sources available on the web such as linked data.

Thttp://linkeddata.org/
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Figure 2.1: TerraSAR-X satellite artist view

2. Build demo rapid mapping applications that make use of the various technologies developed
in the project.

2.1.2 Description of the DLR data sets

We now present four data sets that are used so far in the DLR use case, namely the TerraSAR-X
products, the TerraSAR-X header files, a classification scheme for annotating image patches, and
the feature vectors of image patches. The first two refer to the actual SAR images, while the
other two refer to image patches, that is, rectangular parts of the image that have been processed
separately.

TerraSAR-X products

The TerraSAR-X instrument is a side-looking X-band SAR based on active phased array antenna
technology. The active antenna allows not only the conventional stripmap imaging mode but addi-
tionally the spotlight and ScanSAR modes. The instrument timing and pointing of the electronic
antenna can be programmed allowing numerous combinations. From the many technical possi-
bilities four imaging modes have been designed to support a variety of applications ranging from
medium resolution polarimetric imaging to high resolution mapping. The following imaging modes
are defined for the generation of basic products:

e stripmap mode (SM),

high resolution spotlight mode (HS),

spotlight mode (SL),

ScanSAR mode (SC).

The image data can be ordered with selectable processing levels (e.g., prior to or after geometric
correction. In our case, we will concentrate on geometrically rectified products in order to get
image data that can be superimposed and compared.

Upon delivery, these products are packed in a delivery package which is supplemented by addi-
tional administrative information and is then either archived into a tar file or put onto a medium.
The packages are named based on a naming scheme that uses constituents that are separated by
underscores, of the following form:

D2.1 A data model and query language for an extension of RDF with time and space 5
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TSX1_SAR_{type}_{variant}_{mode}_{pol}_{antennal}_{startTime}_{stopTime}

The meaning of each constituent is explained in Table [2:1]

Constituent | Meaning

type the product variant

variant the resolution variant

mode the imaging mode

pol the polarization mode

antenna the antenna receive configuration
startTime UTC start time

stopTime UTC stop time

Table 2.1: Naming scheme for SAR products

Each package contains various types of information. It includes the full-resolution raster image
in TIFF or GeoTIFF format, a quick-look preview of lower resolution, an XML file that holds
georeference information, and an XML header file that carries the same name as the product.

For example, Figure shows a quick-look preview of a TerraSAR-X satellite spotlight (SL) image

taken over taken over Rosenheim, a city in southern Germany, that can be found in a product under
the following nameﬂ

TSX1_SAR__EEC_RE___SL_S_SRA_20080127T051746_20080127T051748

Figure 2.2: A quick-look preview of a TerraSAR-X satellite spotlight (SL) image

The corresponding SAR image is correctly projected onto a latitude/longitude grid on ground in a
TIFF file of 9428 by 9142 pixels and 164 MB size. Note that high-resolution images of a different
mode may be as large as few GBs.

2This is a publicly available TerraSAR-X image that can be downloaded from http://www.infoterra.de/
free-sample-data)
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TerraSAR-X header files

A TerraSAR-X header XML file contains hundreds of entries that describe the details of a given
image including a long list of processing history parameters. One important type of information
available is the location of the image on ground: the image center latitude, image center longitude,
and the incidence angle of the radar pulses at the image center are given in degrees as floating
point numbers.

Moreover, detailed information on the format of the image is contained in element <imageDataInfo>:

e <pixelValueID> specifies the physical unit of each pixel, e.g., RADAR BRIGHTNESS,

e <imageDataFormat> specifies the image format, e.g, GEOTIFF,

e <number of layers> specifies the number of channels the image comprises,

e <imageDataDepth> specifies the number of bits per pixel, e.g., 16,

e <imageStorageOrder> specifies the ordering principle of rows and columns, e.g., ROWBYROW,
e <rowContent> specifies the geographical orientation of the rows, e.g, EASTING,

e <columnContent> specifies the geographical orientation of the columns, e.g., NORTHING,

e <numberOfRows> and <number0fColumns> specify the size of the image given as rows and
columns,

e <rowSpacing units="m"> and <columnSpacing units="m"> that specify the footprint size
of a pixel projected on ground in meters.

Classification scheme for annotating image patches

The image mining work carried out by DLR in work package “Knowledge discovery from EO images”
(WP3) concentrates on methods that cut an input SAR image into patches, and then apply various
image mining techniques with the goal of annotating patches with user-defined semantic categories.
Moreover, a classification scheme with semantic categories of interest is currently being developed
by DLR as part of the work in Task 6.2: “Developing ontologies for the VO for TerraSAR-X data”
of work package WP6.

The scheme is based on the foundational work of Anderson [AHRW'6]. The Anderson framework
specifies a classification for land use and land cover to be used with remote sensor data. It is
hierarchical consisting of four levels, and relies on a uniform categorization at the more generalized
first and second levels, while it is intentionally left open-ended so that agencies can have flexibility
in developing more detailed land use classifications at the third and fourth levels in order to meet
their particular needs.

Feature vector of an image patch

The processing of the SAR images in WP3 is performed by dividing each image into smaller
rectangular patches and handling each patch separately. For each patch the following information
is available so far:

e Parent product,

e Patch size,
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Patch Index,

Latitude/Longitude,

Acquisition Time,

Applied Algorithms/Parameters,

e Patch Features (array of values),

Semantic labels (class, code from classification scheme),

The details of the feature vectors will be described in the deliverables of WP3. We foresee additional
information about the actual pixel resolution in comparison with pixel spacing as well as the so-
called latent models. The annotation of pixel resolution leads to the concept of resolution pyramids
where typical scale-dependent details appear and disappear depending on the selected scale. When
we represent patch features on different scales, the scale dependency of physical features (especially
of man made objects or of vegetation in remote sensing images) allows us to obtain additional
feature characteristics and to link them to the classification of image content.

2.1.3 EOWEB portal

The German Remote Sensing Data Center (DFD) is an institute of the German Aerospace Center
(DLR). DFD supports science and industry as well as the general public. With its national and
international receiving stations DFD offers direct access to data from earth observation missions,
derives information products from the raw data, disseminates these products to users, and safe-
guards data in its National Remote Sensing Data Library for long term use. Its geoscience research
is related to the atmosphere, global change and civil security. DFD operates thematic user services,
in particular the World Data Center for Remote Sensing of the Atmosphere (WDC-RSAT), and
the Center for Satellite-based Crisis Information (ZKI).

The user interface “Earth Observation on the WEB” (EOWEB)H provides access to the earth
observation data available at the DFD. A user can search for catalogue data, browse images, order
catalogue data, specify and order future acquisitions. In particular, the following products are
available via the new generation of the interface, EOWEB-NG:

e O3M-SAF products,
e IRS-P5 Cartosat-1 (IRS-P5.PAN.MONO.P and IRS-P5.PAN.STEREO.P),

e TerraSAR-X products (with restricted access to privileged users only).

Also, a series of other products, including thematic maps, atmospheric sensors, and optical images,
are available via the standard EOWEB interface.

Figure [2.3] shows the home view of the interface. A user can specify a time period and select a
geographical area using the mouse in order to query the catalogue for products. A list of desired
products can be selected by clicking on the corresponding check-boxes in a hierarchical menu.
For example, the TSX-1 category holds all TerraSAR-X products which are then organized in
four categories based on the four available imaging modes (stripmap, high resolution spotlight,
spotlight, and ScanSAR).

For example, Figure 2.4] shows the results for a query about SAR images of any imaging mode over
Munich in the time period 1/1/2011 - 31/1/2011. As seen in the figure, 10 images are retrieved
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Figure 2.3: The DLR EOWEB portal home view
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Figure 2.4: Performing a query over Munich on the DLR EOWEB portal

with different characteristics. A preview of these images is seen on the right side of the interface,
while the location of each one is denoted in red on the map.

Technically, this type of query capability is realized within EOWEB by extracting key parameters
from the image metadata and making them accessible to the user interface. In particular, this
includes the image metadata defining the instrument, its operating mode, the date/time range
to be searched, the latitude/longitude range to be considered (or an equivalent region of interest
defined interactively on a world map), and the ordering of the results (by date, distance, etc.)

In addition, technically demanding instruments such as TerraSAR-X offer additional criteria that
have an important impact on image quality. In the case of TerraSAR-X, this includes the beam
incidence angle (as it has an impact on image resolution), and the transmitted and received polar-
ization (as an additional target response criterion). In practice, any new instrument has to define
which of its metadata parameters shall be made accessible to the EOWEB users.

When a user has completed the list of image selection parameters, the list will be coded internally

3http://eoweb.dlr.de:8080/index . html

D2.1 A data model and query language for an extension of RDF with time and space 9


http://eoweb.dlr.de:8080/index.html

TEL E;l@"

TELEIOS FP7-257662

and transmitted to the EOWEB catalogue. A catalogue search will be triggered that returns a list
of candidate images that fulfill the criteria of the query. This list appears as an ordered list on the
user interface. At present, this is the straightforward way to select candidate images and access
the EOWEB catalogue. No additional interfaces are offered to the user community, however, one
could think of advanced concepts that could be implemented as future solutions.

2.1.4 Representing the DLR data sets using semantic web technology

In order to make use of semantic web technologies, we need to transform the data sets provided by
DLR to some appropriate format such as RDF and its variants. In our case we will use sSRDF++
data model.

We now show how a small subset of the provided sets can be represented using this technology.
First, we construct an RDFS ontology of concepts and properties as shown in Figure[2.5] Table[22]
shows the prefixes that we used for the various namespaces that are included in the ontology.

namespace name prefix
http://www.earthobservatory.eu/ontologies/dIrOntology.owl | dlr
http://harmonisa.uni-klu.ac.at/ontology /corine.owl cle
http://www.w3.0org/2001/XMLSchema xsd
http://www.w3.0rg/1999/02/22-rdf-syntax-ns rdf
http://srdf.di.uoa.gr/ontology srdf
http://www.w3.0rg/2000/01 /rdf-schema rdfs

Table 2.2: Namespace names and their prefixes

The ontology has the following classes:

e dlr:Image. This class is used to describe TerraSAR-X images.
e dlr:Region. This class depicts all areas in Germany along with their land use.

e clc:CorineArea. This class imitates the Corine land cover nomenclature, since it con-
tains subclasses that map to all the items of the three levels of the nomenclature. In-
stances of class d1r:Region become instances of class clc:CorineArea through the property
dlr:hasCorineLandCoverUse. CorineArea class belongs to the Europe CORINE ontology,
that is available online through the HarmonISAﬂ project.

A description of some important properties follows:

e dlr:hasGeometry. This property describes the geometry of an area in Well-known Text
(WKT) format. Well-known text is a text markup language for representing vector geometry
objects on a map, spatial reference systems of spatial objects, and transformations between
spatial reference systems.

e dlr:hasStartDate, dlr:hasEndDate. These properties provide information about the date
and time of the acquisition of an image. As the acquisition of SAR images may have a
measurable duration, we use both the start and end date/time of the acquisition. The
xsd:dateTime data type is used represent this information.

e dlr:hasCorineLandCoverUse. This property connects areas that are instances of class
dlr:Region, to instaces of class clc:CorineArea. This allows us to obtain all benefits
offered by the CORINE ontology for the area of reference.

4https://harmonisa.uni-klu.ac.at/
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dir:hasEndDate

dir:hasStartDate rsd:dateTime

dir:hasld

dir:hasRelativeOrbit
xsd:decimal
dir:hasDatatakeFilenumber
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dir:hasGid

dir:hasBeam

dIr:hasLookingDirection

dir:hasPassDirection

dir:hasRevision

dir:hasAntenna

dir:image

/
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dir:Region

dlr:hasDescriptorldentifier

dir:hasAbstract .
xsd:string

dir:hasSatellite

dir:hasltemType

dir:hasSensor

dIr:hasSensorMode

dir:hasPolarizationMode

dir:hasGeometry

dir:hasRemark

dirhasiD srdf.geometry

dir:hasMinimumlincidenceAngle

dir:hasGeometry

dIr:hasMaximumIncidenceAngle

dir:hasArea_ha xsd:double

dir:hasShape_leng

dir:hasShape_area

dir:hasCorineLandCoverUse
clc:CorineArea

Figure 2.5: Classes in DLR’s ontology

Next we represent some illustrative part of the DLR datasets using this vocabulary. In what
follows we give an sSRDF-++ representation (in Turtle notation) of three TerraSAR-X images, and
one geographic region. For simplicity, for each image we represent the start and end date of its
acquisition, its geometry as a polygon, and a unique id. The geographic region represents a region
in Germany along with its land cover user.

Notice that this sample dataset is very simplistic as many properties are omitted. Nonetheless
it will serve our purpose of posing some illustrative queries and presenting their results. We use
prefix ex for the namespace of an example ontology.

The sRDF++ data follows.
clc:Forests rdf:type rdfs:Class

clc:ConiferousForest rdf:type rdfs:Class .
clc:ConiferousForest rdfs:subClass0f clc:Forests
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ex:image_1
a dlr:TSX_1;
dlr:hasStartDate "2011-01-10T05:03:07"~"xsd:dateTime;
dlr:hasEndDate "2011-01-10T05:03:09"~"xsd:dateTime;
dlr:hasGeometry "POLYGON((2 3,3 3,3 2,2 2,2 3))"~~"srdf:geometry;
dlr:Id "1"~~xsd:decimal.

ex:image_2
a dlr:TSX_1;
dlr:hasStartDate "2011-01-17T16:48:58"~"xsd:dateTime;
dlr:hasEndDate "2011-01-17T16:49:00"~"xsd:dateTime;
dlr:hasGeometry "POLYGON((1 3,2 3,2 2,1 2,1 3))"~"srdf:geometry;
dlr:Id "2"~"xsd:decimal.

ex:image_3
a dlr:TSX_1;
dlr:hasStartDate "2011-01-20T05:17:00"""xsd:dateTime;
dlr:hasEndDate "2011-01-20T05:17:01"~"xsd:dateTime;
dlr:hasGeometry "POLYGON((1 2,2 2,2 1,1 1,1 2))"~"srdf:geometry;
dlr:Id "3"""xsd:decimal.

ex:Region_1
a dlr:Region;
dlr:hasCorinelLandCoverUse clc:ConiferousForest;
dlr:hasGeometry "MULTIPOLYGON(((1 2.5,1 4,3 4,3 2.5,1 2.5)))"~"srdf:geometry;
dlr:hasGid "1"~"xsd:decimal.

2.1.5 Examples of queries using semantic web technology

In this section we show how SPARQL can be used to query the data represented in RDF. We
present three queries and their results. The first one essentially captures the current EOWEB
functionality. The second one combines TerraSAR-X data with other data that may be available
about land cover or land use, and the last one makes use of linked data that is publicly available
on the web. Note that the last two queries go beyond the current EOWEB functionality.

1. Find the URIs and the geometries of TerraSAR-X images that overlap with a user specified
area, and their acquisition time lies inside a user specified time period.

select 7T 7TGEQO
where {
?T rdf:type dlr:TSX_1 .
?T dlr:hasGeometry 7TGEO .
?T dlr:hasStartDate ?TSD .
?T dlr:hasEndDate 7TED .
filter (mbb(buffer(POINT(2.0 2.0), 1.0)) overlap 7TGEQD &&
"2011-01-01T00:00:00"~"xsd:dateTime < ?TSD &&
"2011-01-01T00:00:00"~~xsd:dateTime > ?TED)

Essentially this captures the user interaction with the EOWEB interface, that is, the action of
choosing a rectangle area, a time period, and performing a search on TerraSAR-X products for
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this configuration. The rectangle area is chosen similarly to the EOWEB portal by selecting
the center point and the size of an orthogonal rectangle using buffer (POINT(2.0 2.0), 1.0).

Query result.

7T 7TGEO

ex:image_1 | "POLYGON((2 3,3 3,3 2,2 2,2 3))"
ex:image_2 | "POLYGON((1 2,2 2,2 1,1 1,1 2))"
ex:image_3 | "POLYGON((1 2,2 2,2 1,1 1,1 2))"

B B ’ >

In this very simple case all three images overlap with the specified area, and their acquisition
time lies inside the specified time period. Therefore, all three images are returned as the
result of the query.

2. Find the URIs and the geometries of images that overlap with a user specified area, have an
acquisition time that lies inside a user specified time period, and overlaps with a forest.

select ?T 7TGEO
where {

?T rdf:type dlr:TSX_1 .

?T dlr:hasGeometry 7TGEO .

?T dlr:hasStartDate 7TSD .

?T dlr:hasEndDate 7TED .

7R rdf:type dlr:Region .

7R dlr:hasGeometry 7RGEO .

?R dlr:hasCorinelLandCoverUse clc:Forests .

filter (mbb(buffer(POINT(2.0 2.0), 1.0)) overlap 7TGEO &%
"2011-01-01T00:00:00"~"xsd:dateTime < ?TSD &&
"2011-01-01T00:00:00"""xsd:dateTime > ?TED &&
?TGEQ overlap ?7RGEQ)

Notice that this query is very similar to the previous one. The only difference is that we add
the requirement that the returned images also overlap with a given forest region.

Query result.

7T 7TGEO
ex:image_1 | "POLYGON((2 3,3
ex:image_2 | "POLYGON((1 2,2

,3 2,2 2,2 3)"
,2 1,1 1,1 2))"

In this case only two of the images qualify as results of the query as ex:image_3 does not
overlap with ex:Region_1.

3. Find the URIs and the geometries of images that contain the city of Munich and their
acquisition time lies inside a user specified time period.

PREFIX dbo: <http://dbpedia.org/ontology/>
PREFIX geo: <http://www.w3.org/2003/01/geo/wgs84_pos>
PREFIX dbp: <http://dbpedia.org/property/>
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select 7T 7?TGED
where {

?T rdf:type dlr:TSX_1 .

?T dlr:hasGeometry 7TGEO .

?T dlr:hasStartDate 7TSD .

?T dlr:hasEndDate 7TED .

?TW rdf:type dbo:Town .

?TW dbp:location "Munich"~"xsd:string .

?TW geo:geometry 7TWGEQD .

filter ("2011-01-01T00:00:00"~"xsd:dateTime < ?TSD &&
"2011-01-01T00:00:00"~"xsd:dateTime > ?TED &&
?TGEQ overlaps mbb(buffer (?TWGEO, 1.5)))

Query result.

7T 7TGEO
ex:image_1 | "POLYGON((2 3,3 3,3 2,2 2,2 3))"

This query specifies that the retrieved images should overlap with the city of Munich, without
having to specify the coordinates or the borders of the city. This information can be retrieved
by publicly available datasets such as the DBpedia data set that is available on the web as
linked data.

2.2 Semantic Challenges in the NOA use case

In this section we present an outline of the NOA use case of TELEIOS as presented in Deliver-
able 7.1 “Requirements specification for the real-time fire monitoring application”, and focus on the
need to develop simpler, more efficient and more adaptive software solutions for dealing with the
problems of real time hotspot and active front detection, and burnt area assessments. We describe
many aspects of the NOA data sets, providing information about the different file formats that are
being used. Then we describe the method that is currently being used for transforming the NOA
data sets into SRDF+-+ metadata. Finally, we present some interesting sSSPARQL-++ queries on
this data.

2.2.1 Description of the NOA use case

European initiatives in the area of Earth Observation such as GMES (Global Monitoring for
Environment and Security) have taken an active role in the area of fire monitoring and management
in Europe, and supported the development of relevant European pre-operational infrastructures
through projects such as LinkER and SAFER supporting the implementation of an operational
GMES service in the field of emergency management. Our use case partner NOA participates
in SAFER and in the specific activity of SAFER called “Forest Fire Services”, assuming the role
of provider of fire related services to users (national and regional authorities, civil protection
organizations, forestry services, environmental organizations and governmental entities). Moreover,
through the LinkER project, NOA assumes the role of the National Focal Point for integrating and
disseminating the full set of GMES Emergency Response services throughout Greece. Delivery of
operational fire services like Burnt Scar Mapping and Fire Monitoring are the main focus of this
activity.
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In this use case, NOA concentrates on the development of solutions for two relevant problems:
(i) real time hotspot and active front detection, and (ii) burnt area assessments. Technological
solutions to both of these cases require integration of multiple, heterogeneous data sources with
data of varying quality and varying temporal and spatial scales. Some of the data sources are
streaming ones (e.g., streams of EO images, and/or streams of ready to use fire monitoring - fire
detection and burnt area products) while others are static like geo-information layers (e.g., land
use/land cover maps) providing additional evidence on the underlying characteristics of the affected
area.

The current state of the art in NOA’s fire monitoring capability is the following. At the premises of
NOA, raw images are obtained every 5 to 15 minutes by accessing the infrared imager SEVIRI on
board the Meteosat Second Generation (MSG) satellites. The images are processed immediately
after they are acquired using in-house developed applications for geo-referencing. They are after-
wards projected to the National Geographic System EGSA87, and then analyzed for hotspot and
active front detection by invoking specialized image processing software. The results of this process
are geo-referenced, raster and vector hotspot detection products which cover the entire territory
of Greece. Moreover, fire monitoring and hotspot detection products are generated and archived
on a 15-minute basis through the SAFER project by accessing the so called FMM-1 product, and
medium resolution burnt area maps covering the entirety of Greece are generated and archived by
accessing the so called FMM-2 SAFER product, after processing the daily MODIS acquisitions on
board the Terra and Acqua satellites.

An important challenge in NOA use case is to develop advanced semantics-based querying of the
existing archives of raw images and ready to use hotspot and burnt area mapping products (FMM-
1 and FMM-2), as well as auxiliary information layers (e.g., land use/land cover layers) in order
to exclude cases of false alarms in the delivered ERCS products.

2.2.2 Description of the NOA data sets

We now present four data sets (MSG/SEVIRI archives, GMES ERCS FMM-1 archives, GMES
ERCS FMM-2 archives and various GIS data) that are used in NOA use case:

e MSG/SEVIRI archives. Since 2007, NOA operates an MSG/SEVIRI acquisition station,
and receives and archives raw satellite images on a 15-minute basis. The archives of raw
MSG/SEVIRI images, which are of the order of 1-2 Terrabytes and refer to the fire periods
of recent years, as well as the images to be acquired since day 1 of the project are available
for TELEIOS NOA use case purposes. Figure [2.6] shows a preview of the visual channel.

Currently NOA creates a proccess chain that first uses the program xrit2pic to transform the
raw image to some other format, like .pgm, .ppm, .bil or .hdr, as soon as a new image is
acquired and then makes further use of the products of this transformation.

¢ GMES ERCS FMM-1 archives. The current GMES/SAFER Medium Resolution hotspot
detection FMM-1 service provides ready to use fire (hotspot) monitoring products delivered
every 15 minutes, based primarily on MSG/SEVIRI satellite acquisitions. These products
are used in complement to FMM-2 products. FMM-1 products consist of points representing
hotspots accompanied by a raster SEVIRI based background map (one single geo-referenced
channel). The data formats are ESRI shapefiles and KML files. The files have been assigned
specific attribute tables with information relating to date and time of image acquisition,
cartographic X, Y coordinates of detected fire locations, the level of reliability in the obser-
vations, the fire radiative power assessed and the observed fire area. The archive time span is
from 01/06,/2009 to 30/09/2009. The data volume of the existing archives is around 10 MB
for the hotspots and more than 10 GB for the raster data. More than 400 hotspot shapefiles,
each containing a much bigger number of detected fires all over Greece are available only for
the 2009 fire period. Additional archives will be also generated for the fire periods of 2010
and 2011 over the entire Greece.
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GRIDCODE: 700
DATE: 2003-08-17
TIME: {745
COORDX: GES0GZ
COORDY: 4233286
RELIABILIT: 100.0000
FT: 0

FRP: 0.0000

FA: 0

Directions: To here - From here

Figure 2.7: Hotspot outside the premises of Athens

An example of a hotspot is shown in Figure 2.7, which was taken on August 12, 2009, at
17:45. Tts coordinates place it in an area near the premises of Athens and the reliability level
of 100% assures the fact that there was a burning fire at that time. The service was delivered
for the first time over entire Europe during the summer of 2009 and will continue for the
next summer periods in the framework of GMES.

In Table 23] we show some fire monitoring products from the original dataset. Attributes gid
and id_hs uniquely identify a hotspot of reference, attributes date and time stand for the
date and time the image was obtained, attributes coordx and coordy are the coordinates of
the hotspot projected to the HGRS87 reference system. HGRS87, or simply Greek Gricﬂ is
a projected coordinate reference system describes the area of Greece (onshore and offshore),
including Aegean Islands, Ionian Islands, Dodecanese Islands, Crete, and Mount Athos. It has
the code 2100 in the EPSG geodetic parameter registry and was last revised in 27/05/2005.
HGRSS8T7 serves as a large and medium scale topographic mapping and engineering survey.

GMES ERCS FMM-2 archives. The current GMES/SAFER Medium Resolution burnt
area mapping FMM-2 service provides ready to use accumulated burnt area mapping prod-
ucts, in polygon format and projected to the EGSA87 reference system. They are based on

Shttp://spatialreference.org/ref/epsg/2100/
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gid id_hs gridcode date time coordx coordy reliability ft frp fa the geom

1 1 100 2009-08-17 16:15 667808 4233786 100.0000 4978 27.4 89 | POINT
(667808.30554752
4233786.54964344)

2 2 100 2009-08-17 16:15 671374 4234083 100.0000 5073 27.4 82 POINT
(671374.88226774
4234083.27742121)

3 3 100 2009-08-17 | 17:45 | 669062 4238286 | 100.0000 0 0.0000 | O POINT
(669062.839785807
4238286.87450619)

Table 2.3: Fire monitoring products data

CAT165
VALUE2
AREAS3 24455493999

Figure 2.8: Burnt area in the county of Fokida

medium resolution MODIS data. What is more they are derived daily and cover the entire
Greek territory. The data formats are ESRI shapefiles and KML files. The files have been
assigned specific attribute tables with information relating to date and time of image acqui-
sition, and the mapped fire area. The product time span is from 25/05/2009 to 21/09/2009
hence a total of 120 days. Additional archives will be also generated for the fire periods of
2010 and 2011 over the entire Greece.

An example of a burnt area mapping product is shown in Figure [2:8] where the red polygon
stands for a total of approximately 93 sq.deg of burnt land. Like FMM-1, this service was
delivered for the first time over the entire Europe during the summer of 2009 and will continue
for the next summer periods in the framework of GMES.

In Table 2.4 we show some burnt area mapping products from the original dataset. Attribute
gid uniquely identifies a burnt area of reference, attribute area stands for the total area
burnt in square degrees (sq.deg) and attribute the_geom describes its geometry projected
to the National Geographic System EGSA87 and attribute the_geom describes its geometry
also according to EGSA87. EGSAS87, which is also known as GGRS8T is a 2-dimensional
geodetic coordinate reference system that that similarly to HGRS87 describes the area of
Greece (onshore and offshore), including Aegean Islands, Tonian Islands, Dodecanese Islands,
Crete, and Mount Athos. It has the code 4121 in the EPSG geodetic parameter registry and
was last revised in 06/01/2004. EGSAS8T serves as a geodetic survey.

Shttp://spatialreference.org/ref/epsg/4121/
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Figure 2.9: WGS84 bounds of Greece

In Figure 2.9 we can see the bounding box of coordinate reference systems EGSA87 and
HGRS87. The bounding box is the same for both systems when transformed to a standard
reference system for use in cartography, geodesy, and navigation like the World Geodetic
System (WGS84), since they describe the same area.

No. gid cat value label area the geom

1 1 2 2 null 75.274516000000006 | MULTIPOLYGON(((26.2614166837823
41.6440201924671,26.2586970809172
41.6440201924671,...)))

2 2 3 2 null 47.971356999999998 | MULTIPOLY GON(((26.2750146981076
41.5515536950596,26.2668558895124
41.5515536950596,...)))

3 3 165 | 2 null 93.248849999999998 | MULTIPOLY GON(((26.294051918163
41.5379556807349,26.2886127124329
41.5379556807349,...)))

Table 2.4: Burnt area mapping products data

e GIS data

— Corine Land Cover data. NOA has also made available an ESRI shapefile of Corine
Land Cover nomenclature that covers greek geological characteristics and provides a
location precision of 100 meters.

In general, such a nomenclature comprises three levels:

* The first level, consisting of five items indicates the major categories (abstract to
a greater or lesser degree) of land cover on the planet. For example forests and
semi-natural areas are defined by the code number 3.

* The second level, consisting of fifteen items is for use on scales of 1:500,000 and
1:1,000,000. For example it can indicate areas like open spaces with little or no
vegetation, which are defined by the code number 33 and thus belong to the major
category of forests and semi-natural areas, that we used as an example for the first
level.

D2.1 A data model and query language for an extension of RDF with time and space 18



TELE

TELEIOS FP7-257662

2 @ Identify Results

Feature v Value
-0 clc00_cALL GR

“‘code 00 212
+ (Actions)
+ (Derived)
Area_ha 2256.22887207
ID EU-1679315
Remark

Shape_Area 22562288.7207
Shape_Leng 37158.7283867
code_00 212

-

Figure 2.10: Permanently irrigated land in the region of Epirus

x The third level, consisting of forty-four items is for use on a scale of 1:100,000,
narrowing down the land use to a very specific geographic characterization. For
example it can describe permanently irrigated land and even burnt areas (code
number 334) and complete the level chain that starts with forests and semi-natural
areas at first level and continues with open spaces with little or no vegetation at
second level. Figure [2.10] presents an example of permanently irrigated land.

As it was described above, the index of all three levels combined forms a unique id
for the land use of the area of reference. For instance, all burnt areas are tagged with
the id 334. Further information about the Corine land cover project can be found at
http://www.eea.europa.eu/publications/CORO-1landcover.

In Table we show some areas from the Corine land cover dataset. Attribute gid
uniquely identifies an area of reference, attribute code is the id for the land use of the
area according to the Corine land cover nomenclature described previously and attribute
the_geom describes its geometry projected to the HGRS87 reference system.

— Coastline data. This is an ESRI shapefile provided by NOA that describes the ge-
ometry of the coastline of Greece. The coastline of Greece is officially given as 13,676
kilometers, while the country covers a total area of 131,940 square kilometers. Thus,
this kind of data is very important in the case of hotspot detection that appear near
the coastline, since hotspot detection is performed on medium scale satellite images. So
during hotspot detection we must consult the coastline geometry and overlay a square
product approximation (depending on the spatial analysis of the satellite image) of the
hotspot upon the coastline, to find out whether they are wrong readings. The whole
coastline of Greece can be seen in Figure 2.11]

In Table we show some Greek coastline data from the original dataset. Attributes
gid and id uniquely identify a coastline of reference and attribute the_geom describes
its geometry projected to the HGRS87 reference system.

D2.1 A data model and query language for an extension of RDF with time and space 19


http://www.eea.europa.eu/publications/COR0-landcover

TEL E;l@"

TELEIOS FP7-257662

No. gid code id remark area ha shape leng shape area the geom

I I 111 EU-1584090 | null 51.8530017512 | 4072.195810 | 518530.9175 MULTIPOLYGON
(((5700379.1393
1500342.4196,
5700463.6582
1500258.7894, ...)))

2 2 11 EU-15840091 | null 60.6149594705 | 5837.645074 | 606149.5947 MULTIPOLYGON
(((5597321.7592
1500728.6447,
5597211.1134
1500669.5151, ...)))

3 3 212 EU-1679315 | null 2256.22887207 | 37158.728386 | 22562288.7202 | MULTIPOLYGON
(((5598109.7905
1501145.8445,
5598167.0553
1501083.3984, ...)))

Table 2.5: Corine Land Cover data

No. gid id the geom
1 1 null | MULTIPOLY GON(((693943.875023903

3869464.00023706,693938.875023898
3869464.00023706, -..)))

2 2 null | MULTIPOLYGON(((439110.999999992
3964310.00025417,439070.311999992
3964339.00025417, ...)))

3 3 null | MULTIPOLYGON(((761862.125204979
3914260.00024361,761846.875204895
3914260.00024361, ...)))

Table 2.6: Greek coastline data
2.2.3 Representing the NOA data sets using semantic web technology

In order to make the use of semantics-based query languages possible and obtain all benefits
offered by that approach, we need to transform the shapefiles offered by NOA partner to SRDF++
metadata.

Up to this point we have mentioned the term shapefile in our description of NOA’s data sets, as a
data format related to spatiotemporal attributes. We now proceed with a proper definition of the
shapefile. The ESRI Shapefile, or simply a shapefile, is a popular geospatial vector data format
for geographic information systems software. Shapefiles spatially describe geometries, like points,
polylines, and polygons. These geometries could represent for example coastlines, rivers or lakes.
Each geometry may also have attributes that describe it, such as its name or land area.

To represent the information included in these shapefiles as SRDF++ triples, we first constructed
an RDFS ontology which is shown in Figure 2.12] In Table 2.7 we show the prefixes used for the
various namespaces that are included in our ontology. The ontology has the following classes:

namespace name prefix
http://www.earthobservatory.eu/ontologies /noaOntology.owl | noa
http://harmonisa.uni-klu.ac.at/ontology/corine.owl cle
http://www.w3.0org/2001/XMLSchema xsd
http://www.w3.0rg/1999/02/22-rdf-syntax-ns rdf
http://srdf.di.uoa.gr/ontology srdf
http://www.w3.0org/2000/01/rdf-schema rdfs

Table 2.7: Namespace names and their prefixes
e noa:BurntArea. This class corresponds to the burnt area mapping products available from

FMM-2 service.

e noa:Hotspot. This class in its turn has a direct relation with the fire monitoring products
from FMM-1 service.
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Figure 2.11: Coastline of Greece

e noa:Coastline. This class is used to describe a single geometry, the coastline of Greece.
e noa:Region. This class depicts all areas in Greece along with their land use.

e clc:CorineArea. This class imitates the Corine land cover nomenclature, since it con-
tains subclasses that map to all the items of the three levels of the nomenclature. In-
stances of class noa:Region become instances of class clc:CorineArea through the property
noa:hasCorinelLandCoverUse. CorineArea class belongs to the Europe CORINE ontology,
that is available online through the HarmonISAEI project.

A description of some important properties follows:

e noa:hasGeometry. This property describes the geometry of an area in Well-known text
(WKT) format. Well-known text is a text markup language for representing vector geometry
objects on a map, spatial reference systems of spatial objects and transformations between
spatial reference systems.

e noa:hasDateTime. This property provides information about both the time and date of an
acquired hotspot. It uses the xsd:dateTime data type to represent this information.

"https://harmonisa.uni-klu.ac.at/
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noa:hasld

noa:hasDateTime xsd:dateTime

noa:hasGid
noa:Coastline

noa:hasGeometry

noa:hasld_hs
noa:hasGridcode \

noa:hasFt xsd:decimal

noa:Hotspot noa:hasFa

noa:hasGid

noa:hasValue
Thing noa:hasGid

noa:haslLocation

noa:BurntArea

noa: hasGeometry
noa: hasFrp
noa:hasArea

noa:hasCat

noa:hasReliabity srdf.geometry

noa:hasGeometry

xsd:double

noa:haslLabel
noa:hasArea_ha

noa:Region noa:hasShape_leng

noa:hasShape_area

noa:hasCorineLandCoverUse .
clc:CorineArea

noa:hasRemark

xsd:string
noa:haslD

Figure 2.12: Classes in NOA’s ontology

e noa:hasCorinelLandCoverUse. This property connects areas that are instances of class
noa:Region, to instaces of class clc:CorineArea. This allows us to obtain all benefits
offered by the CORINE ontology for the area of reference.

sRDF++ triples are created as follows. Each attribute of a shapefile becomes a predicate, each
attribute value becomes an object and finally a subject is created, as a unique id that identifies the
corresponding resource. For example class Coastline has properties hasGid, hasGeometry and
hasId. These were originally the attributes Gid, the_geom and Id of the shapefile.

It should be noticed though, that the above procedure is generic and is not the case when we want
to combine multiple attributes to create a property. For example, in the case of hotspots where
we have attributes time and date, we create a single property noa:hasDateTime which is of type
xsd:dateTime.

We will use Turtle notation in our examples throughout the rest of the section to represent SRDF 4+
triples.
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Corine land cover data
In Table 2.8 we show an example of Corine land cover data. The rows of the table become instances
of class Region.

No. gid code id remark area ha shape leng shape area the geom

I I 111 EU-1584090 | null 51.8530017512 | 4072.195810 | 518530.9175 | MULTIPOLYGON
(((5700379.1393
1500342.4196,
5700463.6582
1500258.7894, ...)))

Table 2.8: Corine Land Cover data

In this example the attribute code is mapped into property noa:hasCorineLandCoverUse and
all its values become instances of class noa:CorinelLandCoverUse. Attribute gid becomes prop-
erty noa:hasGid, attribute id becomes property noa:hasId, attribute remark becomes property
noa:hasRemark, attribute area_ha becomes property noa:hasArea_ha, attribute shape_leng be-
comes property noa:hasShape_leng, attribute shape_area becomes property noa:hasShape_area,
and attribute the_geom becomes property noa:hasGeometry. The sRDF-++ triples that are pro-
duced from the row are:

ex:Region_1
a noa:Region;
noa:hasArea_ha "51.8530917512"~"xsd:double;
noa:hasCorinelLandCoverUse clc:ContinuousUrbanFabric;
noa:hasGeometry "MULTIPOLYGON(((5700379.1393 1500342.4196,
5700463.6582 1500258.7894,...)))"~"srdf:geometry;
noa:hasGid "1"~"xsd:decimal;
noa:hasID "EU-1584090"""xsd:string;
noa:hasRemark "null"~“xsd:string;
noa:hasShape_area "518530.9175"~"xsd:double;
noa:hasShape_leng "4072.195819"~"xsd:double.

Coastline data
In Table 2.9 we show an example of Greek coastline data. The rows of the table become instances
of class Coastline.

No. gid id the geom

1 1 null | MULTIPOLYGON(((693943.875023903
3869464.00023706,693938.875023898
3869464.00023706, ...)))

Table 2.9: Greek coastline data

The corresponding sSRDF++- triples are built in the same manner as with the Corine land cover data
example. Attribute gid becomes property noa:hasGid, attribute id becomes property noa:hasId,
and attribute the_geom becomes property noa:hasGeometry. The sRDF++ triples that are pro-
duced from the row are:

ex:CoastLine_1
a noa:Coastline;
noa:hasGid "1"""xsd:decimal;
noa:hasGeometry "MULTIPOLYGON(((693943.875023903 3869464 .00023706,
693938.875023898 3869464.00023706,...)))" ~~srdf:geometry;
noa:hasId "null"~"xsd:decimal.
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Fire monitoring products data

In Table we show an example of fire monitoring products data. The rows of the table become
instances of class Hotspot.

gid

id_hs

gridcode

date

time

coordx

coordy reliability ft frp fa

the geom

3

3

100

2009-08-17

17:45

669062

4238286 100.0000 0 0.0000 | O

POINT
(669062.839785807
4238286.87450619)

Table 2.10: Fire monitoring products data

Until now, in all examples we have seen, every attribute became a property of our RDFS ontology
and all values became the range of the corresponding property. However, here, there is property
noa:hasDateTime that describes the date and the time of the corresponding hotspot, that is defined
by attributes date and time. We used two attributes to create a single property. The sRDF++
triples that are produced from the row are:

ex:Hotspot_3
a noa:Hotspot;

noa:
noa:
noa:
noa:
noa:
noa:
noa:
noa:
noa:
noa:

hasDateTime

hasFa "0"~"xsd:decimal;
hasFrp "0.0000"~"xsd:double;
hasFt "O0"~"xsd:decimal;
hasGridcode "100"""xsd:decimal;
hasId_hs "3"~~"xsd:decimal;
hasCoordx "669062"~"xsd:decimal;
hasCoordy "4238286"~"xsd:decimal;
hasGeometry "POINT (669062.839785807 4238286.87450619)"~"srdf:geometry;
hasReliabity "100.0000"~"xsd:double;

"2009-08-17T17:45:00"""xsd:dateTime.

Burnt area mapping products data
In Table we show an example of burnt area mapping products data. The rows of the table
become instances of class BurntArea.

No.

gid cat

value label area

the geom

1

1 2

2 null

75.274516000000006 | MULTIPOLYGON(((26.2614166837823

41.6440201924671,26.2586970809172
41.6440201924671,...)))

Table 2.11: Burnt area mapping products data

Attribute gid becomes property noa:hasGid, attribute cat becomes property noa:hasCat, at-
tribute value becomes property noa:hasValue, attribute label becomes property noa:hasLabel
and attribute area becomes property noa:hasArea. The sRDF++ triples that are produced from

the row are:

ex:BurntArea_1
a noa:BurntArea;
noa:hasArea "75.274516000000006"~"xsd:double;
noa:hasCat "2"~"xsd:double;
noa:hasGeometry "MULTIPOLYGON(((26.2614166837823 41.6440201924671,
26.2586970809172 41.6440201924671,...))) " ~"srdf :geometry;
noa:hasGid "1"""xsd:decimal;
noa:haslLabel "null"~"xsd:string;
"2"~~xsd:decimal.

noa:hasValue
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2.2.4 Examples of queries using semantic web technology

Consider the following dataset based on NOA use case. We have the description of three hotspots,
one that appears in the sea and is most likely a wrong reading, one that is located outside forested
areas and may be a false positive and finally one that is almost certainly a fire. We also have the
description of a burnt area from recent fires in Greece. Finally we have the description of a part of
the Greek coastline. Notice that this dataset with all its values and its geometries is very simple
for the sake of the example and certain data properties that are of no use for the queries and the
results obtained are omitted. We use prefix ex for the namespace of an example ontology.

clc:Forests rdf:type rdfs:Class .
clc:ArtificialSurfaces rdf:type rdfs:Class .
clc:ConiferousForest rdf:type rdfs:Class .
clc:ConiferousForest rdfs:subClass0f clc:Forests .

ex:Region_1
a noa:Region;
noa:hasCorinelLandCoverUse clc:ConiferousForest;
noa:hasGeometry "MULTIPOLYGON(((1 8,4 8,4 5,1 5,1 8)))"~"srdf:geometry;
noa:hasGid "1"""xsd:decimal.

ex:Region_2
a noa:Region;
noa:hasCorinelLandCoverUse clc:ArtificialSurfaces;
noa:hasGeometry "MULTIPOLYGON(((4 8,5 8,5 6,4 6,4 8)))"~"srdf:geometry;
noa:hasGid "1"""xsd:decimal.

ex:BurntArea_1
a noa:BurntArea;
noa:hasGeometry "MULTIPOLYGON(((1 8,4 8,4 6,1 6,1 8)))"~"srdf:geometry;
noa:hasGid "1"""xsd:decimal;

ex:Coastline_1
a noa:Coastline;
noa:hasGid "1"""xsd:decimal;
noa:hasGeometry "MULTIPOLYGON(((1 8,5 8,5 1,1 1,1 8)))"~"srdf:geometry.

ex:Hotspot_1
a noa:Hotspot;
noa:hasId_hs "1"""xsd:decimal;
noa:hasDateTime "2009-08-17T17:45:00"""xsd:dateTime;
noa:hasGeometry "POINT(5.5 3.5)"~"srdf:geometry;
noa:hasReliabity "40.0000"~"xsd:double.

ex:Hotspot_2
a noa:Hotspot;
noa:hasId_hs "2"""xsd:decimal;
noa:hasDateTime "2009-08-17T17:45:00"""xsd:dateTime;
noa:hasGeometry "POINT(2.5 2.5)"~"srdf:geometry;
noa:hasReliabity "70.0000"~"xsd:double.

ex:Hotspot_3
a noa:Hotspot;
noa:hasId_hs "3"~"xsd:decimal;
noa:hasDateTime "2009-08-17T17:45:00"~"xsd:dateTime;
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noa:hasGeometry "POINT(2.5 6.5)"~"srdf:geometry;

noa:hasReliabity "100.0000"~"xsd:double.

We now proceed with the queries:

1. Find the URIs and the geometries of coniferous forest areas.

select 7R 7RGEO
where {

?R rdf:type noa:Region .

7R noa:hasGeometry 7RGEO .
7R noa:hasCorinelLandCoverUse clc:ConiferousForest .

}

Query result.

R

TRGEO

ex:Region_1

"MULTIPOLYGON(((1 8,4 8,4 6,1 6,1 8)))"

In this query we illustrated how to get the geometries of coniferous forests.

2. Find all the hotspots that overlap the Greek coastline.

PREFIX dbpedia: <http://dbpedia.org/resource/>

select 7H 7HGEO
where {

?C rdf:type noa:Coastline .

?C ex:refersToCountry dbpedia:Greece .

?C noa:hasGeometry 7CGEO .

?H rdf:type noa:Hotspot .
7H noa:hasGeometry 7HGEOQ.

filter (?7CGEQ overlap mbb(buffer(?HGEQ, 1.5)))

Query result.

7TH

7THGEO

ex:Hotspot_1

"POINT(5.5 3.5)"

Cases of hotspots like the above, are wrongly represented over inconsistent underlying land
use/land cover classes like urban, permanent agriculture or in the sea, due to the rough spatial
pixel resolution of MSG/SEVIRI instrument and errors in image georeferencing . This type
of error could be easily corrected if seen together with the Greek coastline boundaries and
detailed land use/land cover information layers e.g., Corine Land Cover (CLC) data, like in

the preceding query.

3. Find all the hotspots that are located outside forested areas.

select 7H 7HGEO
where {

7R rdf:type noa:Region .

7R noa:hasGeometry 7RGEO .
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?H rdf:type noa:Hotspot .

?H noa:hasGeometry 7HGEOQ.

7R noa:hasCorinelLandCoverUse 7F .

?F rdfs:subClass0f clc:Forests .

filter (7AGEQ disjoint mbb(buffer (?HGEO, 1.5)))

Query result.

H THGEO
ex:Hotspot_2 | "POINT(2.5 2.5)"

Cases of hotspots like the above, can be false fire detections due to algorithmic drawbacks
and/or bad fire/no-fire thresholds applied in the processing chain. They can also be real cases
of fires located in big agricultural plain areas put by farmers as part of their agricultural
practices. Whichever the case, they are not real forest fires, and they are not emergency
situations to be handled. This type of noise in the information could be avoided if combined
together with detailed land use/land cover information layers e.g., Corine Land Cover (CLC)
data, like in the preceding query.

4. Find burnt areas that were forests in Corine land cover data and are close to cities.

PREFIX dbo: <http://dbpedia.org/ontology/>
PREFIX geo: <http://www.w3.org/2003/01/geo/wgs84_pos>

select 7H 7HGEO
where {
?R1 rdf:type noa:Region .
?R1 noa:hasGeometry 7R1GEO .
7R1 noa:hasCorinelLandCoverUse clc:ArtificialSurfaces.
?CITY rdf:type dbo:City .
?CITY geo:geometry 7CGEO .
?R2 rdf:type noa:Region .
?R2 noa:hasGeometry 7R2GEOD .
7R2 noa:hasCorinelLandCoverUse 7F .
?F rdfs:subClass0f clc:Forests .
?B rdf:type noa:BurntArea .
?B noa:hasGeometry 7BGEO .
filter (7R1 contains 7CGEO &%
7R2GE0 contains 7BGEO &&
distance (7BGEO, 7CGE0) < 2 )

Query result.

7B ?BGEO
ex:BurntArea_1 | "MULTIPOLYGON(((1 8,4 8,4 6,1 6,1 8)))"

Cases of burnt areas like the above, may imply malicious intervention by building corporations
that want to extend their settlement. This kind of activity, although in most cases is an
already accomplished fact, can be seen if combined together with detailed land use/land
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cover information layers, e.g., Corine Land Cover (CLC) and other structured information
such as the DBpedia knowledge base, like in the preceding query.

2.3 Summary

In this chapter we focused on the use cases of the project and discussed the challenges for semantic
data modeling. We looked into the specific details of each use case and sketched how the data
model sSRDF-++ and sSPARQL-++, to be presented in detail in Chapter[d] can be used to represent
the data sets provided, and realize the intended functionality.
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3. Related Work

In this chapter we present a survey of related work in the areas most relevant to this deliverable.
We start with previous work on querying image annotations from the areas of multimedia and
satellite image retrieval. Then, we survey the state-of-the-art in data models and query languages
for temporal and spatial information in the following research areas: (i) relational databases, (ii)
XML, (iii) RDF, and (iv) description logics and OWL. Since our work will be based on RDF, we pay
more attention to the RDF extensions that are currently the state-of-the-art regarding temporal
and spatial information. Finally, we discuss some work on geospatial information retrieval which
is of interest. Parts of Sections and [3.4] come verbatim from [KKK09].

3.1 Querying Image Annotations

In this section, we consider the research area of multimedia images and satellite images, and survey
work on image annotation and querying. In these approaches images are typically processed in
order to extract some low-level features that are linked with specific segments of the original image.
These primitive features are then combined to define higher-level semantic labels that are stored as
annotations in an appropriate format. This procedure is often based on some sort of supervised or
semi-supervised learning and is bootstrapped in an iterative fashion so that the high-level objects
that are identified in one step are used to detect others in a more complex processing step. The
problem of selecting the low-level features that will be extracted and the approach that will be
used for assigning these low-level descriptions to high-level concepts is commonly referred to as the
“semantic gap” [BMM96], SWS™00, [ZG02].

The querying of the images is based on the derived annotations and other metadata. In the sequel
we start with multimedia images and examine the characteristics of the annotations as well as
the available methods and languages for querying a large data set of images along with their
annotations. Note that the approaches we review are similar to those used in the research area of
biomedical images. Indeed, some of the approaches presented, e.g., [HABOS§]|, have been applied to
biomedical images. Next, we move to satellite images where the literature is more sparse. One of
the main reasons for this is that the characteristics of satellite images make the process of high-level
semantic annotation more difficult than multimedia images. Finally, note that the techniques for
the extraction of primitive features and the derivation of higher-level semantic labels is beyond the
scope of this document.

3.1.1 Multimedia Images

In the era of omnipresent internet availability, community photo collections (e.g. Flickr.com) and
widespread personal use of digital still and video cameras, large amounts of audiovisual data are
being created everyday. The produced collections contain vast amounts of high-quality multimedia
content, which is becoming harder and harder to manage, transmit, and find [MHCWOS]. In this
setting, text-based search engines give way to more advanced image and video-based, intelligent
and context-aware engines which personalize search and delivery. Novel applications are emerging
across many industry sectors such as that of home and sports entertainment and new standards
such as MPEG-7 are being released that enable the propagation of semantic media adaptation and
personalization. In this section we explore the state of the art in the representation languages that
are used for image annotation and the methods that are used for querying images in the context
of multimedia data.
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Semantic web ontologies for the annotation of multimedia images

MPEG-7 [MPEO]] is an international standard that specifies how to connect descriptions to parts
of a media asset based on XML Schema. The two most important functionalities provided by
MPEG-T are: the decomposition of media assets and the (semantic) annotation of their parts.

e Decomposition: MPEG-7 provides descriptors for spatial, temporal, spatio-temporal and
media source decompositions of multimedia content into segments. A segment is the most
general abstract concept in MPEG-7 and can refer to a region of an image, a piece of text,
a temporal scene of a video or even to a moving object tracked during a period of time.

e Annotation: MPEG-7 defines a very large collection of descriptors that can be used to
annotate a segment. These descriptors can be low-level visual features, audio features or
more abstract concepts. They allow the annotation of the content of multimedia documents
or the media asset itself.

Nonetheless, the XML Schema based nature of MPEG-7 has a number of drawbacks that com-
plicates the direct machine processing of semantic content descriptions. A detailed account of
this criticism can be found in [VONHO04, NVOHO05]. In particular, as MPEG-7 is based on XML
Schema rather than on semantic languages such as RDF, the labels used in the annotations are
either just plain strings or defined in lightweight MPEG-7-proprietary controlled vocabularies that
are often incompatible with Semantic Web ontologies. As a solution, multimedia ontologies based
on MPEG-7 have been proposed.

The first approaches essentially modeled parts of MPEG-7 in the vocabulary of RDFS or OWL
ontologies such as the work by Hunter [HunO1], Tsinaraki et al. [TPC04], and Garcia and Celma
[GCO5]. As far as static images are concerned Bloehdorn et al. |[BPST05| proposed the Visual
Descriptor Ontology (VDO) based on the visual part of MPEG-7. Other approaches incorporate
features from the Wordnet ontology in order to couple the output of the image analysis and the
detected mid-level concepts with semantic labels e.g., Hoogs et al. [HRSS03], Hollink et al. [HWO5],
and Snoek et al. [SHHT0T].

A more recent approach is the Core Ontology for MultiMedia (COMM) [VSST08, [ATSH09] that
revisits the structure of the data in MPEG-7 offering conceptual clarity and extensibility towards
new annotation requirements. COMM supports the low-level features represented in MPEG-7 in-
cluding the color descriptors (lay-out, dominant color, etc), motion descriptors (activity, trajectory,
etc), shape descriptors (contour, region, etc) and texture descriptors (homogeneous texture, edges
histogram, etc.). Moreover, COMM allows to store not only the results of image processing but
also the methods that were used of the processing as well as individual parameters set in that
particular processing.

Fuzzy thresholds on image annotations

One limitation of the usual ontological technologies based on OWL and RDF is that they cannot
represent and reason with uncertainty and imprecision. Several approaches have been proposed
in the literature to deal with this by incorporating work from probabilistic and fuzzy reasoning.
For example, the probabilistic approach of da Costa et al. [dCLL05| proposes to first augment
the OWL language to allow additional probabilistic markups and then to convert the probabilistic
OWL ontology into the directed acyclic graph of a Bayesian network with translation rules [DPP04].
As the main ontology language OWL is based on description logics, a more practical approach is to
deal with uncertainty and imprecision using fuzzy description logics, e.g., [HKS02l [Str05] [LXL™ 05,
SSSK06, [SSPT07, [DKS09].
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In particular, a common approach is to introduce fuzzy predicates in concrete domains. In de-
scription logics, a semantics is associated with concepts, roles and individuals such that a concept
represents a set of individuals and a role is a binary relation between objects. Concrete domains
give the means to describe real-world properties of objects such as their size, their spatial exten-
sion or their color. For instance, a concept may denote the set of persons whose age is lower than
or equal to 20. A fuzzy extension can then be obtained by allowing to represent the degree of
“youngness” of a person based on her age. In particular for multimedia images, among many works
with similar emphasis, Simou et al. [SASKO0S8| propose a methodology for the semantic indexing
of images utilizing the confidence degree of the derived low-level features that are extracted from
image processing. Simou et al. also present some preliminary results on using this information for
the refinement of mistakenly classified regions.

The capability to express uncertainty by means of fuzziness can also be used in the specification
of the segments that hold a particular semantic label. In this case the segments are represented
by spatial fuzzy sets [HABOS|. A spatial fuzzy set is a fuzzy set S defined on the image space,
so that its membership function p (defined from S into [0, 1]) represents the imprecision on the
spatial definition of the segment (its position, size, shape, boundaries, etc.). For each point (z,y)
of S, p(z,y) represents the degree to which (x,y) belongs to the fuzzy segment. Segments defined
as classical “crisp” sets are particular cases for which p takes only values 0 and 1.

Fuzzy representations of more sophisticated topological relations such as “intersects”, “in the interior
of”, and “exterior to” can be simply defined using fuzzy set theoretical concepts. In particular, the
work by Hudelot et al. [HABOS| accounts for a fuzzy representation of the RCC mereo-topological
relations [CBGGY7] as well as directional relations, which are useful to describe the relative position
of an object with respect to other ones, such as “to the right of”, “to the left of”, “above”, “below”,
etc.

Querying image annotations

Typically only the higher-level semantic annotations are stored in a repository so that image
retrieval can be utilized. Depending on the data model that is used to represent the image an-
notations, an appropriate querying mechanism is used to retrieve images from the repository. In
particular for the approaches that rely on semantic web technology in order to express the semantic
labels, such as the ones presented in the beginning of Section the querying and retrieval of
multimedia images then is typically based on SPARQL, the querying language for the semantic
web. Special interfaces have been developed for particular applications in order to assist the users
and provide a more user-friendly experience. Two examples are presented next.

SemaPlorer [SSBT(09] is an application that allows end users to interactively explore and visualize a
very large semantic data set in real-time. This data set is composed from DBpedidl] GeoNamed?]
VVordNetEl7 personal FOAF files contained in the Swoogleﬁ crawl of Semantic Web data, and a
partial crawl of Flicklﬂ

In SemaPlorer, the users initially state a simple text query to the system. The result list contains
different places, people, and tags matching the query. When the user clicks on a city name, the
SemaPlorer application updates the interface showing a map of the city. Concurrently, a query is
executed filling the map view with interesting places and sights, represented by pins. The users
can click on pins to continue the blended browsing and querying. For example, when the map view
shows the city of Berlin, one can click on the tag “street art.” Instantaneously, the map view is
updated and locations of Flickr photos tagged as street art are shown.

Thttp://dbpedia.org
*http://geonames.org

3http ://wordnet.princeton.edu
dhttp://swoogle.umbc. edu
Shttp://flickr.com
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Similarly, MOntoMat-Annotizer |[PAST06] is a tool that has been built in order to allow con-
tent providers to annotate visual content without prior expertise in semantic web technologies
or multimedia analysis. MOntoMat-Annotizer allows users to extract MPEG-7 visual descriptors

from images and store them using an RDF version of the MPEG-7 visual descriptors developed in
[ATPT05].

In particular, one of the components of MOntoMat-Annotizer presents a graphical interface for
loading and processing visual content, performing visual feature extraction, and linking features
with concepts from the domain ontology. The user may draw a region of interest in the image frame
and apply the multimedia descriptors extraction procedure only to the specific selected region or
alternatively, automatic segmentation of the image can be performed. By selecting a region of
interest and a specific concept in the ontology browser the user can extract and link concepts.

3.1.2 Satellite images

Unlike multimedia images, satellite images are typically more difficult to handle. One obvious
reason for this is the size of the satellite images that often scale up to a few gigabytes. A more
serious reason has to do with the difficulty in identifying objects and features in satellite images.
For example, the mining of earth observation (EO) images for content information is very different
from mining images of facial characteristics or images of other living things (e.g., lions or tigers)
due to the fact there are no features (e.g., ears, stripes, or wings) that have known relationships
to help differentiate classes [DDKBO7|. Moreover, as far as radar (SAR) images are concerned,
additional problems arise from the fact that these images have different properties than optical
images. Essentially, SAR products may look like optical images but in reality they are mathematical
products that rely on delicate radar measurements.

Nonetheless, setting aside the issue of feature extraction and the semantic gap that we described
in the beginning of Section the techniques for image annotation and querying are very similar
to the ones targeting multimedia images.

In the last few years, semantics-based technologies have been applied to satellite image archives.
Durbha and King|[DK04] present a content-based retrieval system applied to knowledge discovery
in satellite image archives using domain-dependent ontologies. In this paper, a three level pro-
cessing scheme is adopted for content-based retrieval from remote sensing images. The first level
consists of the extraction of primitive features followed by an object ontology level that describes
quantitatively the image content. The third level, the more abstract one, is obtained by projecting
the object ontology onto keywords and concepts. In this way, relationships between objects com-
prised in the image provide an accurate content description. The search capabilities are supported
by means of an active learning algorithm.

Other system in this category include the KIM system developed in a technology project of ESA
by the TELEIOS partners DLR and ACS [DSDM02]. The Knowledge-driven Information Mining
(KIM) is an image mining system that employs a Bayesian approach. It consists of three com-
ponents: a library of algorithms used for the primitive feature extraction, a Bayesian network as
the classification component used to generate interactively image classifications, and a database
management system for the image metadata and semantics. Another system similar in spirit to
KIM is GeoIRIS |[SKST07]. In such systems, user can ask queries of the form “given a query image,
show me database satellite images that have similar objects and a lie within a certain radius of a
given landmark”.

As far as annotations are concerned, more recent work is underway in OGC for the development of a
standardized GML application schema for EO products [OGC10c|. This GML application schema
is defined in a hierarchical manner capturing general EO products, thematic EO products (for
example optical, radar or atmospheric) and mission specific products (for example products of the
TerraSAR-X mission). Remotely sensed images are viewed as observations and their specification
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is captured by the GML construct gml:Observation. The intention of this standard is to be used
together with relevant OGC catalogue services standards to enable access to EO products.

Finally, project OTEG (Open Access Ontology / Terminology for the GMES Space Component)ﬂ
funded by ESA has developed a system for helping application experts in identifying relevant EO
products using familiar semantic terms (e.g., terms from their application domain). The approach
of OTEG is based on the following components:

e A multi-domain thesaurus which offers a hierarchical organization of terms from the user
application domain (e.g., land monitoring).

e A multi-domain vocabulary which defines all the terms used in the multi-domain thesaurus
by offering a natural language definition as well as synonyms and related terms.

e A taxonomy of EO products specific to GMES Space Component Data Access (GSCDA).
This taxonomy is essentially an ontology of products, sensors, missions etc.

e A GSCDA vocabulary which defines all the term used in the GSCDA taxonomomy.

e A set of mapping rules that relate terms from the multi-domain thesaurus with products
from the GSCDA Taxonomy.

The system developed by OTEG offers a user interface with which users can navigate the multi-
domain thesaurus, and see EO products related to the chosen thesaurus terms. The system also
offers full-text search capabilities on the multi-domain thesaurus and the GCSDA taxonomy using
the well-known Lucene text search engine librarym

3.2 Relational Database Models for Spatial and Temporal
Information

In this section, we survey related work done in the vast research area of relational database mod-
els for spatial and temporal information. We distinguish between three different fields: spatial
databases, temporal databases and spatiotemporal databases.

3.2.1 Spatial databases

Spatial database systems offer the underlying database technology for geographic information sys-
tems and other related applications, and have gained a lot of attention over the years [PRO1].
Research in spatial databases has concentrated in the areas of data modeling, query languages,
data structures and algorithms, and system architectures. In the area of spatial data modeling,
researchers have studied possible representations of geographic data in a database. Work on query
languages mainly concentrated on designing query languages for spatial DBMS (e.g., spatial exten-
sions of the relational algebra or SQL) and graphical representations for both the input queries and
the output results. Work on data structures and algorithms involved the actual implementation of
the proposed spatial algebras and the system’s query processing architecture. Finally, the area of
system architecture dealt with integrating the spatial extensions to a standard DBMS architecture.
For a nice survey of spatial database research (as of that time) the interested reader might refer
to [Gut94].

6 http://earth.eo.esa.int/rtd/Projects/0TEG/index.html
"http://lucene.apache.org/java/docs/index.html
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Most of the advanced commercial DBMS available today offer support for spatial data. For exam-
ple, PostGIEEI is an open source software which extends PostgreSQL with geographic data types,
operators and indexes and follows the standards of SQL and OpenGIS implementation specification.
PostGIS offers geometry types for points, polygons, multipoints, multilinestrings, multipolygons
and geometrycollections, spatial predicates for determining the interactions of geometries, spatial
operators for determining geospatial measurements, spatial operators for determining geospatial
set operations and R-tree spatial indexes for faster query processing. Oracle Spatiaﬂ enables users
to manage geographic and location-data in a native type within an Oracle database with providing
a schema that prescribes the storage, syntax, and semantics of supported geometric data types, a
spatial index system, operators, functions, and procedures for performing area-of-interest queries,
spatial join queries, and other spatial analysis operations.

Various standards exist for representing and manipulating spatial data in relational systems. The
ISO 13249 SQL/ MME define a set of types and methods for representing, processing, storing and
querying spatial data. The OpenGIS Simple Features Specification for SQIH provide a standard-
ized way for storing and accessing spatial data in relational and object-oriented databases. Oracle
provides different datatypes for each standard e.g., the ST_Geometry datatype is based on the ISO
SQL/MM specification while the BLOB datatype is used to store spatial data according to the OGC
Well-Known Binary representation (fragment of the OGC’s Simple Features specification). Post-
GIS also provides different datatypes for each standard e.g., the ST_Geometry datatype is based on
the ISO SQL/MM specification while the Geometry datatype follows the OpenGIS Simple Features
Specification for SQL.

3.2.2 Temporal databases

The field of databases has also seen a lot of work on temporal databases including work on foun-
dations, query languages, indexing, optimization, and so on. [SA85] proposed the following classi-
fication of DBMS depending on their support for time:

e Snapshot databases. All conventional databases belong to this category. The information in
these databases corresponds to a snapshot of the world at a particular point in time. Updates
are destructive and old information is not retained. The only kind of temporal information
supported by such systems is user-defined time (e.g., the date of birth of a person can be
stored as a string).

e Rollback databases. Rollback databases maintain a complete record of the evolution of the
database. Intuitively, they can be understood as sequences of snapshot databases indexed by
transaction time i.e., the time a transaction changing the current database state committed
(or the time the system starts believing the new information about the world). In rollback
databases, updates are performed with respect to the current state of the database while
queries can inquire about past states as well.

e Historical databases. Rollback databases keep a record of the changes as registered in the
database. Historical databases, on the other hand, keep a record of the changes as they
take place in the real world. Intuitively, they can be understood as sequences of snapshot
databases indexed by wvalid time i.e., the time a piece of information is true in the real world.
In historical databases, the users can pose queries to find out about the world at any point
in time. Any errors about the past can be corrected but no record of past database states is
kept.

&http://postgis.refractions.net/

9http://www.oracle.com/technology/products/spatial/index.html
Onttp://wuw.iso.org/iso/iso_catalogue/catalogue_tc/catalogue_detail.htm?csnumber=38651
Mhttp://www.opengeospatial .org/standards/sfs/
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e Bitemporal databases. Bitemporal databases combine the advantages of rollback and histor-
ical databases. Intuitively, they are sequences of historical databases indexed by transaction
time. The user is allowed to inquire about the world at some point in time according to the
information present in the database at some other point in time. The user is also allowed
to modify the current state of the database in order to add, delete, or modify historical
information about the world. [Sno87| presents some early work on a query language for a
bitemporal database management system.

The work on temporal query languages concentrated mostly on the language TSQL2 |[AABT95],
a consensus temporal query language developed by a committee of leading temporal database
researchers as an extension to SQL-92. TSQL2 could have influenced the SQL3 standard [RTSS98)|
as discussed in http://www.cs.arizona.edu/people/rts/sql3.html, but it does not appear to
have influenced implementations of current commercial DBMS. A different approach to introducing
time in databases, which is simpler than the TSQL approach, is offered by Date, Darwin and
Lorentzos in [DD02]. Some (dated) surveys of work on temporal query languages and temporal
database management include [Cho94l [JS99].

3.2.3 Spatiotemporal databases

Database researchers have also studied spatiotemporal databases which deal with geometries chang-
ing over time, e.g., as in the case of moving objects. Important research in spatiotemporal databases
was carried out in project CHOROCHRONOS whose results have been summarized in [KSFT03).
CHOROCHRONOS achieved results in many subareas of spatiotemporal databases: user in-
terfaces, design methodologies, data models and query languages, query processing algorithms,
storage structures and indexes and prototype systems [KSET03]. One of the highlights of the
CHOROCHRONOS work has been work on spatiotemporal data models and query languages.
Two competing data models were proposed: one based on abstract data types for moving objects
developed by Giiting and colleagues |GBE™00] and another based on constraints developed by
Grumbach, Koubarakis, Rigaux, Scholl and colleagues [GRS98, [RSSGO03], (IGKR™03, [KS00]. Both
approaches are explained in great depth in the books [GS05, RSV00]. Finally, another interesting
approach to a data model and query language for moving objects which also captures uncertainty
is presented in [TWHCO04]. of

3.3 XML-based Languages for Spatial and Temporal Infor-
mation

To the best of our knowledge there has not been so far significant work in extending the XML
data model and related query languages with spatial or temporal data with the exception of the
few papers we survey below. However, since XML is the technology of choice for exchanging
information on the Web, there has been significant previous work in using XML to represent
geospatial features. This work is relevant to this deliverable and it is surveyed here as well.

The Geography Markup Language (GML) [OGCO7] is the most common XML-based encoding
standard for the representation of geo-information. GML was developed by the OpenGIS Con-
sortiunﬁ and is based on the OGC Abstract Speciﬁcatioﬂfl7 the conceptual foundation for OGC
interoperability specifications. GML provides XML schemas for defining a variety of concepts that
are of use in geography: geographic features, geometry, coordinate reference systems, topology,
time and units of measurement. Initially, the GML abstract model was based on RDF but later
the consortium introduced XML schemas in GML structure in order to facilitate the integration of

12h’ctp ://www.opengeospatial.org/
13http://www.opengeospatial.org/standards/as/
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existing spatial databases, whose relational schema can be defined more easily with XML Schemas.
The GML profiles are logical restrictions of GML that might be of use to applications that do not
want to use the whole of GML. GML profiles can be expressed through an XML document, an
XML schema, or both. Some of the profiles that have been proposed for public use are: (i) Point
Profile, (ii) GML Simple Features Profile, (iii) a GML profile for JPG, and (iv) a GML profile
for RSS. It should be noted that GML profiles are different from application schemas. The pro-
files are part of the GML namespaces (Open GIS GML) and define restricted subsets of GML.
Applications schemas are XML vocabularies that are application-specific and are valid inside the
application-specific namespaces.

GeoRSS [STMDOS] is a specification that enables RSS feeds to encode location. GeoRSS-Simple
and GeoRSS-GML are two different encodings of GeoRSS. GeoRSS-Simple is a very lightweight
format that developers and users can quickly and easily add to their existing feeds with little
effort. It supports basic geometries (point, line, box, polygon) and covers the typical use cases
when encoding locations. For a more feature-rich option, GeoRSS GML is a formal GML profile,
and supports a greater range of features, notably coordinate reference systems other than WGS-
84|E| latitude/longitude. Both encodings can be serialized in various flavors of RSS, or RDF, or
XHTML.

In [ORSI0] the authors present Spatial XPath (SXPath) which is an extension of XPath 1.0 that
includes spatial navigation in the query mechanism. The authors extend XPath with spatial axes
and spatial position functions. Spatial axes allows the selection of document nodes by taking into
account their spatial relationship with the context node. Spatial position functions allows the
selection of document nodes by taking into account their spatial position in the plane with respect
to the context node. For example, the discovery of visual patterns in a web page can be expressed
as a an SXPath query that exploits the relative spatial position of images and text. In [ORSI0], the
XML document object model is enriched with spatial relationships between minimum bounding
rectangles according to the Rectangle Algebra [BCAC99]. The Rectangular Cardinal Relation
model [Ren02] is used to express spatial axes that represents directional relations between minimum
bounding rectangles. As a result, the SXPath language can express more general queries than pure
XPath by exploiting the spatial relations of data items.

Recently there has also been work on temporal XML by database researchers. For example, in
[GS03], a temporal query language for XML, called 7XQuery, is presented in which the authors
add valid time support by minimally extending the syntax and semantics of XQuery. In another
relevant paper [RV0§|, the authors present a data model for tracking historical information in an
XML document, a way for summarizing and indexing temporal XML documents, and TXPath, a
temporal XML query language that extends XPath 2.0.

3.4 RDF Extensions for Spatial and Temporal Information

Up to now little attention has been paid on extending RDF for spatial and temporal data repre-
sentation and reasoning. However, there have been more such works than for XML and related
research seems to be gaining momentum. In this section, we present the extensions to RDF that
have been proposed up to now in order to enable the representation of spatial information, temporal
information or both.

3.4.1 Spatial information in RDF

The use of RDF to represent spatial data in the Semantic Web is proposed in [KSQ07| where the pro-
totype system SPAUK is presented. In SPAUK, geometric attributes of a resource (e.g., location

http://en.wikipedia.org/wiki/WGS84
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of a gas station) are represented in RDF by introducing a blank node for the geometry, specifying
the geometry using GML vocabulary [OGCOT]|, and associating the blank node with the resource
using GeoRSS vocabulary [STMDOS|. Queries are expressed in the SPARQL query language uti-
lizing appropriate geometric vocabularies and ontologies (e.g., the topological relationships of RCC
[CBGGIT7]). The main assumption of this work is that SPARQL should not be extended with new
features for querying spatial data; instead, the existing features of SPARQL together with spatial
vocabularies should be utilized.

IKS07] does not specify a semantics for query answering. From the example given in [KS07]|, we
conjecture that such a semantics needs to rely on a model theory (or an axiomatization) which
combines the model theory (or axiomatization) of the spatial vocabularies/ontologies used (e.g.,
RCC) and the RDF model theory (or an equivalent axiomatization). We expect such a semantics
to be complicated and will certainly be an extension of the standard semantics for SPARQL query
evaluation. Thus, although [KS07| does not change the SPARQL syntax, the semantics of query
answering are not the standard ones. This is not said explicitly in [KSO07] but it can be deduced
from the comments regarding how complicated the spatial query processing part of SPAUK is,
and what will happen if the spatial ontologies used are extended in ways that the system does not
understand (pages 798-799 of [KSOT]).

SPAUK has been implemented by storing RDF triples in Jena and using an in-memory grid file to
index the geometries.

Kolas has revisited the problem of defining a Semantic Web data model and query language for
spatial data in [Kol08]. This paper assumes the RDF-based spatial data representation of [KS07]
and discusses various ways to exploit what is already available in SPARQL to pose queries. The
options compared are: (i) to use SPARQL as in [KS07], (ii) to introduce a new PREMISE clause
in SPARQL that could be used to introduce spatial geometries that can be used in a query,
and (iii) to use some form of the DESCRIBE query form of SPARQL for asking queries about
geometries. [Kol08] chooses the last option as the most appropriate. However, it is not clear to
us that using something like DESCRIBE which is not given a formal semantics in the SPARQL
W3C speciﬁcatiorﬂ (the answer to a DESCRIBE query depends on the data source; there is no
semantics for this kind of query) is a good way to solve the problem of querying spatial data in
the Semantic Web.

The only native RDF store that provides some kind of spatial support is AllegroGraph RDFStordE
AllegroGraph RDFStore provides a very basic mechanism for the efficient storage and retrieval of
geospatial data. It deals with data elements which have coordinates in a two-dimensional region.
Support is provided both for Cartesian coordinate systems (i.e., a flat plane) and for spherical
coordinate systems (e.g., the surface of the earth or the celestial sphere). Before adding any
geospatial data into the store, it is necessary to define the geospatial subtypes the store will use.
A geospatial subtype is either spherical or Cartesian, has specific X and Y ranges, and a specific Y
strip width. Spatial data and queries are then formed declaratively using AllegroGraph’s Prolog
facilities (SPARQL currently cannot be used).

GeoSPARQL is a very recent OGC working draft for a query language for geospatial data expressed
in RDF [OGCI10b|. GeoSPARQL defines a small RDFS ontology that can be used for representing
features and geometric objects. In OGC terminology, a feature is an abstraction of real world
phenomenon and can have various attributes that describe its thematic and spatial characteristics.
The top class of the RDFS ontology proposed by GeoSPARQL is ogc:AbstractSpatialObject.
This class is a superclass of every geometry or feature that can have a spatial extent. The top
class is further specialized into two classes that model features and geometries. The property
ogc:primaryGeometry is defined for linking a feature with its default geometry, and the property
ogc:hasSerialization is defined for linking a geometry with its serialization. The serialization
of a geometry can be encoded in various formats like GML, KML, WKT etc. In GeoSPARQL,

152009, from http://www.w3.org/TR/rdf - sparql-query/
6http://agraph.franz.com/allegrograph/

D2.1 A data model and query language for an extension of RDF with time and space 37


http://www.w3.org/TR/rdf-sparql-query/
http://agraph.franz.com/allegrograph/

TEL E;l@"

TELEIOS FP7-257662

the functions that are defined in the Simple Features Access standard [OGCI10d| for accessing geo-
metric objects are mapped to RDF properties like ogc:dimension, ogc:geometryType, ogc:srid,
ogc:isEmpty and ogc:is3D. Additional functions that construct new geometric objects from ex-
isting geometric objects like ogc:buffer and ogc:union are defined and they may be used in the
filter part of a query.

Similarly, spatial predicates are also mapped to RDF properties like ogc:equals, ogc:intersects
and ogc:contains. An interesting proposal of [OGCI10b| is to have triple patterns with such
predicates (e.g.,7x opc:intersects 7y) instead of allowing these predicates only in the filter part
of the query as done in other proposals such as [Per08, [KK10]. Given that RDF data can also
contain triples using these predicates e.g., ex:regionA ogc:overlaps ex:regionB then [Lopl0]
envision the combination of RDF data and OWL 2 axioms to express more complicated reasoning
patterns. For example, one could express the transitivity rule of RCCS8 “If region A touches region
B and region B is inside region C then region A intersects region C” [Lopl0].

The data model SRDF++ and the query language sSSPARQL++ that we will present in Chapter []
of this deliverable are closely related to the language GeoSPARQL. We discuss this relationship in
more detail in the concluding section of Chapter [

3.4.2 Temporal information in RDF

The first works that proposed to introduce temporal features in RDF were by Gutierrez and
colleagues [GHV07, [GHV05], [HV06]. In their proposal, a framework to incorporate valid time in
RDF is introduced. Extending the concept of RDF triple, a temporal triple is an RDF triple with
an additional temporal label (a natural number). For example, (s, p,0)[t] is a temporal triple which
denotes the fact that the triple (s,p,o0) is valid at time ¢. Triples valid at time intervals are then
defined by sets of triples valid at time points. Finally, a temporal RDF graph is defined as a set of
temporal RDF triples. [GHVOT7, [GHV05] HV06] study the semantics of the proposed extension to
RDF, define appropriate query languages for the extension and present results on the complexity
of query answering.

Another related paper presented lately is the work by Pugliese et. al [PUS0§|. In contrast to the
work by Gutierrez and colleagues [GHV07, [GHV05|, this work mainly focuses on the indexing of
temporal RDF graphs using the tGRIN index. tGRIN is a specialized index for temporal RDF that
is physically stored in an RDBMS. tGRIN can be used to index temporal RDF graphs as defined
by Gutierrez et al. in [GHV07, [GHV05] but also some case of indeterminate temporal information.
The results of this paper show that the tGRIN index is superior in terms of performance than
augmenting well-known RDF stores (e.g., Jena, Sesame) with temporal indexes like R+ trees,
SR-trees, ST-index, and MAP21.

Available RDF storage and query systems have only recently started to consider ways to introduce
temporal RDF in their implementations. The only native RDF store which currently supports
some form of temporal RDF is the AllegroGraph RDFStore!6. AllegroGraph RDFStore supports
the storage and retrieval of temporal data including datetimes, time points, and time intervals.
Once data has been encoded, applications can perform queries involving a broad range of temporal
constraints on data, including relations between points and datetimes, intervals and datetimes,
two points, two intervals, and points and intervals. AllegroGraph RDFStore allows users to query
temporal RDF graphs using its Prolog querying facilities while support for SPARQL is left for the
future.

3.4.3 Spatiotemporal data in RDF

Recently, interesting research on spatial and temporal information in the Semantic Web has been
carried out by Amit Sheth’s group [Per08, [PSHI07, [PHS06], HAmPS06, [SP08, [ASRT06|. In their
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more recent work [Per0§|, an extension of SPARQL, called SPARQL-ST, is defined that allows
one to query spatial and non-spatial data with a time dimension. The main idea of [Per0§| is
to incorporate spatial features in the temporal RDF graphs of [GHV(T7]. These spatial features
are modeled with a spatial ontology based on the GeoRSS GML specification [STMDO0S8]. The
main new concept of SPARQL-ST is the introduction of two new types of variables namely spatial
variables and temporal variables. Spatial variables (denoted by a % prefix) represent complex
spatial features rather than a simple URI, and the concept of SPARQL mappings has been extended
to map a spatial variable to a set of triples that represent the required spatial information. Similarly,
temporal variables (denoted by a # prefix) are mapped to time intervals and can appear in the
fourth position of a temporally extended triple in the style of [GHVQT7]. Furthermore, in SPARQL-
ST two special filters are introduced: SPATIAL FILTER and TEMPORAL FILTER. These filters are
used to filter the results with spatial and temporal constraints (e.g., relations from the RCC calculus
[CBGGOT| for the spatial part and Allen’s interval calculus [AII83] for the temporal part). In order
to enable the realization of this query language, the used spatial and temporal operators need to be
implemented. Both spatial and temporal operators are implemented using Oracle’s extensibility
framework, while the strictly RDF concepts are implemented using Oracle’s RDF storage and
inferencing capabilities. For more details on the implementation please see [Per08l [PSHJ07].

Yago2 [HSBWI()] is a knowledge base where entities, facts, and events are augmented with rele-
vant temporal and spatial information. Yago2 contains approximately 80 millions facts for 10 mil-
lion entities that are automatically harvested from Wikipedig!'| GeoNamed™] and WordNetf™] In
[HSBW10] the authors present the methodology of harvesting the data, augmenting them with spa-
tial and temporal information and representing the produced knowledge base in SPOTL. SPOTL
is a 5-tuple that is defined as a standard RDF triple augmented by time and location. In Yago2,
entities are assigned a time span to denote their existence in time, while facts may be assigned a
time point or a time span. Spatial information is restricted to latitude/longitude points.

3.5 Geospatial Information in Linked Open Data

Recently, various kinds of geospatial information became available on the Web as linked data. Here
we review these efforts since they are closely related to TELEIOS.

In [ALHO9] OpenStreetMap (OSM)@ data is transformed and represented adhering to the RDF
data model. A mixed approach in which part of the data is stored in relations and another part is
stored according to the RDF data model was followed, due to the billions of triples of OSM data that
were difficult to handle by existing triple stores. An ontology was constructed, LinkedGeoDataE
that was derived mainly from OSM tags, i.e. attribute-value annotations to nodes, ways and
relations, counting up to 500 classes, 50 object properties and ca. 15,000 datatype properties. The
authors employed Triplify [ADLT09] to publish the Linked Data along with a spatial extension to
create the neighborhood around a particular point. Points are the type of geometry used by OSM
to represent places, cities, etc, defined by their longitude and latitude in the WGS84 coordinate
reference system. A circular area is created by using the Haversine formula@ and a radius that
matches the distance between the center of the neighborhood and a point right at the limit of
it. Furthermore, an effort was made to match DBpedia resources with LinkedGeoData, taking
into account the common classes between the two ontologies, for which the owl:sameAs link was
used to connect them. Finally, a facet-based browser and editor for linked geographical datﬁ was
implemented in order to showcase the benefits of revealing the structured information in OSM. The
authors conclude that spatial data can be retrieved and interlinked on an unprecedented level of

Yhttp://www.wikipedia.org/
18http://www.geonames .org/
19http://wordnet.princeton.edu/
20http://openstreetmap.org
2Ihttp://linkedgeodata.org/vocabulary
22http://en.wikipedia.org/wiki/Haversine_formula
23nttp://linkedgeodata.org/browser
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granularity and they plan to extend the mapping approach that they currently use for interlinking
a knowledge base with other data sources.

[dLSVT10] and [VBVTST10| describe the process that was followed for the development of an
application that makes use of several heterogeneous Spanish public datasets that are related to ad-
ministrative, hydrographic and statistical domains. In contrast to [ALHO09] that just manages every
resource as a point (represented by a coordinate of latitude and longitude), Alexander de Ledn et
al. deal with these coordinate types and more complex geometry, such as LineStrings. GeoLinked
DataP_II is an open initiative whose aim is to enrich the Web of Data with Spanish geospatial data,
available from the National Geographic Institute of Spaiﬂ (IGN-E), and the National Statis-
tic Institute in Spain@ in order to bring into surface possible relations in the Spanish coastal
area and different statistical variables such as unemployment, population, dwelling, industry, and
building trade. After identifying the data sources, an ontology was constructed according to the
NeOn methodology [SFGP09], by reusing existing ontologies and vocabularies. Statistical Core Vo-
cabulary (SCOVO) [HHR09| was chosen for describing complex statistics and FAO Geopolitical
Ontologym hydrOntology [hyd09], GML Ontologyﬁ and the WSG84 Vocabulary@ were chosen
regarding geospatial vocabulary. Regarding time information and temporal concepts, Time Ontol-
ogym was also chosen. For generating the RDF data, NORQqE software library and integrated
framework RoO+ and ODEMapsteH—IfI were employed. The authors developed a software library,
GEOMETRYtoRDF, to create RDF triples from geometrical information in GMI@ and WK’I@
format and as a final step they use Jenaﬁ to generate the integrated geospatial RDF. Alignment
of datasets is carried out by identifying owl:sameAs relationships between administrative units
and statistical information, in like manner with [ALHO09]. Data is published and visualised with
the aid of Universal Server@ and PubbyIZ] respectively, and a faceted bI‘OWSEI@ that works on
top of those two systems, implemented by the authors. Future work will focus on identifying and
interlinking with other knowledge bases belonging to the Linking Open Initiative, mainly DBpe-
diﬂ and GeoNameﬂ and coverage of complex geometrical information, like polygons and other
geometrical representation types is planned.

[SGD10] discusses how solutions for spatiotemporal data management, specifically Spatial Data
Infrastructures (SDI) [Neb04], can be augmented with Linked Data principles and analyses two
common scenarios in Linked Data provision and consumption. In scenario one, an agnostic format
to codify links instead of RDF is used and in the second scenario the authors elaborate on a
complete Linked Data augmentation (with RDF). Focusing on the second scenario, which is the one
that actually serves the wider Linked Data community, the realisation of an in-depth integration of
Linked Data and SDI is described. OGC identifiers are treated as http URI@ and a direct mapping
from geospatial data encoded in GML to RDF [SCI0] is provided. The basic mappings between
GML and RDF used are simple: x1ink:href is mapped to rdf:resource and gml:identifier is
mapped to rdf :about. As metadata is concerned, standards such as ISO 19115[ISO03| and ISO
19119|Per(2] provide a core vocabulary that can be exploited. New relation types are defined, if
none of the standards relation types fit the requirements, based for instance on the ongoing work of

24http://geo.linkeddata.es

25http://www.ign.es

26http://www.ine.es

2Thttp://www.fao.org/countryprofiles/geoinfo.asp?lang=en

28http://1oki.cae.drexel.edu/ wbs/ontology/2004/09/ogc-gml .owl

29http://www.w3.org/2003/01/geo/ugs84_pos

30http://www.w3.org/TR/owl-time/

3Thttp://code.google.com/p/nor2o/

32http://neon-toolkit.org/wiki/ODEMapster

33http://www.opengeospatial .org/standards/gml

34Well-Know Text is a text markup language for representing vector geometry objects on a map, spatial reference
systems of spatial objects and transformations between spatial reference systems.

3%nttp://jena.sourceforge.net/

36http://virtuoso.openlinksw.com/

3Thttp://virtuoso.openlinksw.com/

38http://geo.linkeddata.es/browser

3%nttp://dbpedia.org/

4Ohttp://www.geonames . org/

4Thttp://portal.opengeospatial.org/files/?artifact_id=39467
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Figure 3.1: The relations of RCC-8.

the NeoGeo Semantic Web Vocabularies Grouﬂ Finally the impacts on existing OGC standards
and relevance for recent SDI developments are discussed and the authors conclude that only minor
changes to current SDI standards are required for implementation, identifying the development
of a prototype for a Linked Data augmented SDI followed by a best practice implementation, as
actions for future work.

Similarly with [SGDI0], [SC10] claims that current SDIs can easily be put on the Linked Data
track, by combining GML with the concept of content-negotiation, since Contemporary Linked
Data can be directly projected to SDI. The authors use a series of examples in the form of graph
and RDF /XML representation to illustrate that GML is easily transformed into a conventional
RDF /XML, and native GML is essentially equivalent to RDF. As a consequence, Sven Schade et
al. conclude that SDI concepts and the notion of Linked Data do not exclude, but complement
each other and linking (geospatial) data is a philosophy of usage and not a technical matter. Thus,
the decision of using a GML or RDF representation of geospatial data depends on the intended
use.

3.6 Spatial and Temporal Information in Description Logics
and OWL

We close our presentation of related work by surveying spatial and temporal extensions of descrip-
tion logics. We survey spatial extensions of DLs and OWL in more detail since they are more
relevant to our work in TELEIOS.

3.6.1 Spatial Information in Description Logics and OWL

Research towards representing spatial information in description logics and OWL has focused on
the representation of qualitative and quantitative spatial information, and on reasoning with it.
To represent qualitative spatial information, relevant works have adopted almost exclusively the
Region Connection Calculus (RCC), which is an axiomatization of topological relations in first
order logic [RCC92a]. Most of the works deal with a subset of RCC, namely, RCC-8. RCC-
8 defines 8 binary spatial relations depicted in Figure [3.6.1 Table shows the definitions of
the RCC relations in terms of the basic relation C. The relations of RCC-8 are the following:
disconnected (DC), externally connected (EC), equal (EQ), partially overlapping (PO), tangential
proper part (TPP), tangential proper part inverse (TPP1i), non-tangential proper part (NTPP),
and non-tangential proper part inverse (NTPPi). These relations capture all possible topological
relations between two regions and form a jointly exhaustive and pairwise disjoint (JEPD) set.

4Znttp://sites.google.com/site/neogswvocs/
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DC(x,y) =4y ~C(z,y)
P(z,y) =4y Vz[C(z,2)— C(z,y)]
PP(.T,y) =def P(x,y)/\_‘P(yaiﬂ)
EQ(x,y) =4y Plz,y)AP(y,2)
O(xz,y) =def J2z[P(z,x) A P(z,y)]
PO(x,y) =4ey O(z,y) AN—P(z,y) AN-P(y,x)
DR(z,y) =4y —O(z,y)
TPP(x,y) =4y PP(z,y)A3z[EC(z,2) N EC(z,y)]
EC(x,y) =acy Clz,y)N-0(z,y)
NTPP(z,y) =4y PP(xz,y)A\-32[EC(z,2)NEC(z,y)]
Pi(z,y) =def P(y? l‘)
PPi(JZ,y) =def PP(yvx)
TPPi(x,y) =45 TPP(y,x)
NTPPi(x,y) =4y NTPP(y,x)

Table 3.1: Definition of the various relations of RCC. Relations in bold are included in RCC-8.

To represent quantitative spatial information, relevant works have studied spatial objects with a
known geometry (e.g., polygons represented using linear constraints over the domain of rationals,
or reals). Depending on the kind of spatial information represented (qualitative or quantitative),
different reasoning techniques have been employed.

In the following, we survey most of the relevant works existing in the literature. We distinguish five
categories of works: those which are based on description logics with concrete domains, those which
axiomatize RCC using TBox axioms, those which solve the relevant representation and reasoning
problems at the level of the architecture, those which employ the Semantic Web Rule Language
(SWRL) to deliver reasoning capabilities, and last, those which model geospatial information using
a specific geospatial ontology.

Concrete Domains Approaches The approach of modeling with concrete domains is a nice
way of integrating knowledge of specific domains in a description logic, because the reasoning task
for each domain is casted in its respective theory. In the case of spatial information, the idea is to
introduce a concrete domain (e.g., real numbers or regions of a topological space) to model space
together with appropriate concepts, roles, and features [HLM99, [HM02| [LMO0T, [CG09|. Work here
has concentrated mostly on issues of semantics and reasoning in these logics.

One of the first works in this category is [HLM99| in which the description logic ALCRP(D) is
introduced which supports concrete domains and a role-forming predicate operator. ALCRP (D),
which extends ALC(D), can effectively be used for reasoning about spatial objects and their qual-
itative spatial relationships, providing also an appropriate concrete domain for spatial objects.
The significance of ALCRP(D) lies also on its ability for augmenting spatial and terminological
reasoning with temporal reasoning in a combined concrete domain. The authors define a concrete
domain for polygons (D,) and a role-forming operator which allows the definition of roles with
very complex properties and provides a strong coupling of roles with concrete domains. They
also provide a criterion for structurally restricting the form of terminological axioms in order to
guarantee decidability for the inference problem of checking satisfiability of ALRP(D) .

In [LMO7] the authors identify a general property for concrete domains, called w-admissibility,
that is sufficient for proving decidability of description logics equipped with concrete domains.
For defining w-admissibility they concentrate on a particular kind of concrete domains, constraint
systems. Such a concrete domain is one that has only binary predicates, which are interpreted as
JEPD relations. They consider two examples of constraint systems and prove that are w-admissible:
a temporal one based on the Allen relations [AII83], and a spatial one based on the real plane and
the RCC-8 relations. Further, in [LMO07] a tableau algorithm for description logics with concrete
domains and general TBoxes is presented, which establishes a general result about the decidability
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of ALC extended with any w-admissible concrete domain and general TBoxes (ALC(C)). As a
consequence, ALC(C) when extended with the Allen relations or the RCC-8 relations is decidable.
Inspired by the approach of [LM07], [CGQO9] considers the Cardinal Direction Calculus [Fra91] and
introduces the corresponding description logic ALC(CDC).

The tableau algorithm employed in [LMO7] is similar to the one that had been implemented and in-
corporated into the Racer reasoner [HMWOIl, [HMO02]. Racer and its most recent version RacerPrﬂ
supports TBox and ABox reasoning for the description logic ALCOQHZz+ (D)~ using a default
concrete domain for linear inequalities. In particular, Racer’s standard concrete domain supports
reasoning for linear inequations between rational numbers and interval reasoning (min/max) for
integers. Apart from providing standard reasoning functionalities (subsumption, instance retrieval,
instance realization, consistency checking, etc.) common to most description logic systems, Racer
provides also an expressive query language called nRQL [HMWO04] and a publish-subscribe mech-
anism for subscribing instance retrieval queries and be notified when “relevant” instance changes
happen.

The query language nRQL [HMWO04] allows for the formulation of conjunctive queries and it can be
used to query the ABox and TBox of a description logic, as well as RDF(S) and OWL documents.
From the perspective of concrete domains, it supports binary concrete domains predicates, so for
example queries like “retrieve all pairs of persons having the same age’@ are easily expressible.
Moreover, it supports negation as failure (NAF) and the projection operator project-to, which
can be used in combination to express closed world universal quantification.

[Wes02] is concerned with several extensions of ALC, which are suitable for qualitative spatial
reasoning and in particular are appropriate for capturing the RCC composition tables. Such
extensions should support inverse and disjoint roles as well as composition-based role inclusion
axioms of the form SoT T R;URyU---UR,. The author groups such extensions under the family
of description logic ALCZgcc, which is undecidable for arbitrary forms of role boxes. [Wes02] shows
that inverse relationships are necessary, since some spatial inferences cannot be drawn otherwise.
Finally, it studies the decidability of different RCC subsets, like RCC-1, RCC-2, RCC-3, RCC-5,
and RCC-8. He concludes that ALCZrcct1 and ALCZ greocoo are decidable, ALCZ reocs is decidable
under the weak equality semantics, while ALCZ rccos and ALCT rcos are not decidable, but can be
made decidable if, for example, universal quantification is allowed only for propositional concepts.

Axiomatic Modeling of RCC Relations in TBox In [KG05] the authors suggest a translation
of the RCC-8 calculus into OWL-DL by adapting some of the known results on the translation
of qualitative spatial formalisms into modal logics. In particular, it is a known result that the
description logic & (ALC extended with transitive roles), augmented with a reflexive accessibility
relation, yields the modal logic S4, in which it is possible to translate the RCC-8 calculus and
some of its extensions. Moreover, every S4 formula can be represented in OWL-DL provided that
OWL-DL is extended with the ability to define reflexive roles. Indeed, OWL-DL, which is based
on the logic SROZQ, supports reflexivity.

Regarding representation, the authors of [KGO05| express regions as concepts. Such a region (con-
cept) must follow the regularity condition: it must be a non-empty, closed set (i.e., it must contain
at least one individual and contain all of its interior points). To translate the RCC-8 calculus
into OWL-DL the authors introduce a TBox axiom for each one of the RCC-8 relations. This,
together with the fact that some of the RCC-8 axioms require additional TBox axioms specifying
the non-emptiness of some regions, lead to an undesired explosion of the TBox size [HFK10].

The authors of [SS09] are led to the same conclusion, that is, the impracticality of the approach
in [KG05]. They implement the PelletSpatial reasoner, which provides RCC-8 and RDF/OWL

43User guide (v.1.9.2): http://www.racer-systems.com/products/racerpro/users-guide-1-9-2-beta.pdf
Reference Manual (v.1.9.2): http://www.racer-systems.com/products/racerpro/reference-manual-1-9-2-beta.
pdf

44 This query can be expressed in nRQL using the following constraint query atom: (?z ?y (constraint age age =))
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reasoning and querying capabilities. The authors chose to implement two approaches for spatial
reasoning, the one of which is the approach mentioned in [KGO05]. They show that this approach
is impractical even for small datasets, which is due to the enforcement of the regularity condition.

Modeling at the Architecture Level The approach of [GBMO07a, [(GBMO7b| takes a different
direction in comparison with the aforementioned ones. Their approach, which is motivated by the
observation that RCC cannot be expressed in OWL without a major revision of the latter, deals
with spatial reasoning at the level of the system architecture and not at the level of formalisms: they
propose a hybrid knowledge representation system architecture which integrates terminological and
spatial aspects of the application domain and provides support for reasoning with RCC and OWL.
This implies that the architecture of a knowledge representation system based on description logics
is extended with RCC specific components. In particular, they separate spatial from application
domain information, introducing a RCCBox (similar to the role box, RBox, in SROZQ), in which
spatial relations and composition tables are specified. In terms of modeling, the authors interpret
a region as a polygon in the integral plane, and thus avoid interpreting regions as sets, which arise
problems when combining RCC with description logics that are related to the type separation
requirement of OWL-DL. The authors also note that their hybrid approach does not work well
with OWL-DL, because OWL-DL, as opposed to OWL 2, does not support negation of roles, which
are needed to express connectivity of two regions. The expressivity of their formalism is that of
ALHT [GMHOS].

The same direction is taken by PelletSpatial [SS09], a hybrid RCC-8 reasoner based on the Pellet
RDF/OWL-DL reasoner [PS04, ISPGT07|. In [SS09] the spatial relations are separated from the
RDF/OWL-DL relations providing a hybrid reasoner for both spatial and thematic data. Hence,
the set spatial relations is disjoint from the set of RDF/OWL-DL relations. Spatial relations
are managed as an RCC constraint network that provides functionality to check its consistency
(employing a path-consistency algorithm that uses the RCC-8 composition table) and querying.
In such a setting, conjunctive query answering requires two phases: first, evaluating spatial query
atoms over the constraint network, and second further constraining the set of bindings, such that
the non-spatial query atoms are satisfied. Experiments showed that the implementation is non-
practical for real datasets, but exposes reasonable performance for small ones [SS09].

A more complete and formal approach to modeling spatial information at the level of architecture
is that of [WM09]. In [WMUQ9] the authors present a software framework architecture for ontology-
based information systems and use a case study dealing with spatial data to demonstrate its
flexibility. For achieving flexibility and extensibility, the authors propose an abstracted graph-
based data model and query language, the substrate data model and substrate query language,
with which any subset of first-order predicate logic (FOPL), e.g., modal logic, description logic,
propositional logic, first-order logic, etc., can be associated. Especially for the case of spatial
information, a substrate can play the role of a geometric substrate, called SBox (Space Box). The
SBox deals with spatial datatypes (e.g., polygons) the geometry of which can be described using
an appropriate FOPL, inheriting also its formal semantics for satisfiability, entailment, etc. The
authors investigate four options for representing and querying spatial information: use (i) an ABox,
(ii) a map substrate, (iii) a spatial ABox, (iv) an ABox and RCC substrate.

Using SWRL Another approach is that of [Bis08] that proposes to encode spatial inferences
in the Semantic Web Rule Language (SWRL) [HPSB™04]. SWRL uses Horn-like rules which are
combined with OWL-DL and OWL-Lite. Again, this approach is limited, because of the fact
that Horn rules do not allow disjunctive heads, which are required in order to formalize the RCC
composition axioms. The same approach is followed in [BP10]. The authors propose SOWL,
an extension of OWL, to represent spatial qualitative and quantitative information employing
the RCC-8 topological relations, the eight direction relations — North (N), North East (NE),
East (E), South East (SE), South (S), South West (SW), West (W), and North West (NW) —,
and distance relations (e.g., 3Km away from city A) stored in the ontology as m-ary relations.
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Further, they use a Location object for spatial objects (e.g., region), which can be optionally
connected with a footprint class with subclasses: Point, Line, Polyline, and MBR. To reason about
spatial relations they introduce a set of SWRL rules, which can be implemented in the Pellet
reasoner [PS04, ISPG™07| and additional spatial relations can be inferred from existing ones using
composition tables which are defined both for topological and direction spatial relations.

Geospatial Ontologies and Geospatial Semantic Web Finally, there have been recently
various papers presenting the vision of a Semantic Web enriched with geospatial information,
called the Geospatial Semantic Web [Ege02, BLOR05| [ST07]. In [KDHO05|, the authors propose
several kinds of geospatial ontologies that could be used for the Geospatial Semantic Web, while in
a most recent paper [MGVO08|, a system is presented which provides a spatio-temporal ontology
modeling and semantic query environment compatible with OWL-DL. [SAEJ07] et al. present a
framework for the representation of geo-ontologies and reasoning over them using OWL. Spatial
reasoning and integrity rules are represented using a spatial rule engine extension to the reasoning
tools associated with OWL.

3.6.2 Temporal Information in Description Logics and OWL

The main idea here is the same with modeling spatial information, i.e., time is modeled using a
concrete domain approach together with appropriate concepts, roles and features [LMO7]. Work
here has concentrated mostly on issues of semantics and reasoning in these logics. See for example
the papers [AT08| [Lut04] for recent work in this area, and [AF01] for a somewhat outdated survey
of the area.

Recently, works on temporal ontologies using OWL have also started to appear. [HP04] presents
OWL-Tim@ an ontology of temporal concepts designed for representing temporal knowledge on
the Web. This ontology provides a vocabulary for expressing knowledge about qualitative relations
among instants and intervals, information about durations, and information about dates and times.
Another relevant effort in this area is the language TOWL [MEKNO7| which is an extension of
OWL with a concrete interval domain and appropriate classes and properties for the representation
of interval knowledge in the Web .

3.7 Summary

In this chapter, we presented a survey of related work in data models and query languages in
the areas most relevant to this deliverable. As our work will be based on RDF, and due to the
particular requirements of the project, we focused more on RDF extensions that are currently the
state-of-the-art regarding temporal and spatial information.

4Snttp://wuw.w3.org/TR/owl-time/
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4. An extension of RDF and SPARQL for the
representation of Geospatial Data Using OGC
standards

This and the following chapter present the core of our new, developments presented in this de-
liverable. In this chapter we present SRDF-++ and sSPARQL-+, which are new versions of the
data model sRDF and the query language sSPARQL that we have developed in the context of
the EU project SemsorGrid4Env [KK10]. In sSRDF++ and sSPARQL++ we use Open Geospatial
Consortium (OGC)E| standards for the representation of geospatial data (instead of just linear con-
straints). In the new version of SRDF and sSPARQL, we opt for a more practical solution to the
problem of representing geospatial data. This need arose clearly in the project SemsorGrid4Env
where the main use case had data that were expressed in WKT. To be able to deal with this real
user requirement, we took two steps:

(i) we enabled our implemented system Strabon to read sRDF with objects that are geometries
expressed in WKT [KKK10].

(ii) We added syntactic constructs to sSSPARQL so that queries could involve geometries expressed
with WKT [KKKKO09],

The clear definition of SRDF++ and sSPARQL-++ that we undertake in this deliverable is the
next logical step given our earlier Semsorgrid4dEnv work. Our current approach resembles OGC
proposals regarding the use of SQL to query geospatial data [OGCI0d| as they have been adopted
by commercial RDBMs e.g., PostGIEEL MySQIE| or Oracle Spatia]ﬁ In this way, we expect that
sRDF-++ and sSPARQL++ will be adopted more easily by applications such as the ones repre-
sented in TELEIOS where there is a long tradition of using geospatial representations that are
closely related to OGC standards such as Well Known Text (WKT).

Our work on sSPARQL has commonalities with the recent OGC work on GeoSPARQL, and, in
fact, the design of SSPARQL has also been inspired by the presentation [Lopl0] which was kindly
made available to us by Xavier Lopez of ORACLE who leads the relevant OGC working group
after he attended the presentation of [KK10] at ESWC 2010 (of course, the main inspiration has
been our independent work in SemsorGrid4Env reported above). NKUA has recently become a
member of OGC with the intention of participating in the work on GeoSPARQL and disseminating
relevant TELEIOS results to the OGC community and vice versa.

The organization of this chapter is the following. In Section we present some background
information about the OGC standards that we will bring into SRDF++. In Section [{.2] we will
present SRDF-++ which is the new version of the data model SRDF that uses these OGC standards.
In Section we present sSSPARQL++ which is the new version of the query language sSPARQL
for querying sRDF++- graphs.

4.1 Background on OGC Standards

In this section we will present two OGC standards that can be used for encoding geographic
features. In Section we will present the Well-Known Text OGC standard that can be used

1Open Geospatial Consortium, http://www.opengeospatial.org/.
Zhttp://postgis.refractions.net/

Shttp://www.mysql.com/
4http://www.oracle.com/technetwork/database/options/spatial/index.html
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for representing geometric objects, spatial reference systems and transformations between spatial
reference systems. In Section we will present various spatial reference systems that are
used to relate the coordinates of a geometric object to real locations on the surface of Earth. In
Section we will present the Geography Markup Language which is a more recent standard
defined by OGC for representing geographical features in XML.

4.1.1 Well Known Text

WKT is a widely accepted OGC standard for representing spatial objects. WKT can be used for
representing geometric objects, spatial reference systems and transformations between spatial ref-
erence systems. WKT is described in the OpenGIS Simple Feature Access specification [OGC10e].
This standard establishes a common architecture for representing and accessing simple features.
In OGC terminology, a feature is an abstraction of real world phenomena and can have various
attributes that describe its thematic and spatial characteristics (e.g., a feature can represent a par-
cel of land with its use and geographic location). A simple feature is a feature with all geometric
attributes described piecewise by straight line or planar interpolation between sets of points.

Geometries in WKT are restricted to 0-, 1- and 2- dimensional geometric objects that exist in R2,
R3 or R*. Geometries that exist in R? consist of points with coordinates x and y e.g., POINT(1,2).
Geometries that exist in R? consist of points with coordinates x, y and z or z, vy and m where m is
a measurement. For example, the following point represents the temperature of the city of Athens
that was measured in Celcius degrees: POINT(37.96, 23.71, 27). Geometries that exist in R*
have points with coordinates x, y, z and m e.g., POINT(1,1,2,27).

Geometries represented using WKT have the following properties:

e All geometries are topologically closed which means that all the points that comprise the
boundary of the geometry are assumed to belong to the geometry, even though they may not
be explicitly represented in the geometric object.

e All coordinates within a geometry object are in the same coordinate reference system.

e For geometric objecs that exist in R? and R*, spatial operations work in the “map geometry”
of the spatial data. The “map geometry” of a geometric object is the projection of the
geometric object on R2. Therefore, the z and m values are not reflected in calculations (e.g.,
equals, intersects, touches) or in generation of new geometry values (e.g., buffer, minimum
bounding box). However, the WKT specifications provide functions to access the z and m
coordinates.

For the convenience of the reader we will present the part of the WKT standard that defines how to
represent vector geometries. The WKT representation of geometric objects will be incorporated in
the sSRDF++ data model. In Figure [f.I] we present the class hierarchy for simple feature geometry
as defined in [OGC10¢].

The top Geometry class has subclasses for Point, Curve, Surface and Geometry Collection. The
Geometry Collection is further specialized to classes of 0-, 1- and 2- dimensional geometric objects
named MultiPoint, MultiLineString and MultiPolygon respectively. Each geometric object is linked
to a specific Spatial Reference System and optionally to a Measure Reference System. A Measure
Reference System may be used to interpret the third or fourth dimension of geometric objects
that exist in R? or R*. For example, a hotspot can be modeled as a point that has z, y and m
coordinates, where the coordinates = and y are used to represent the location of the hotspot, while
the m coordinate represents its reliability.

Let us provide some more information for each class. The WKT specification defines the following
classes that may be instantiated:
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Figure 4.1: The classes of geometric objects in WKT
e Point. A Point represents a single location in coordinate space. A Point has = and y

coordinate values and may have z and m depending on the associated spatial reference
system.

type of interpolation that is used between points.

Curve. A Curve is a 1-dimensional geometric object. The subtypes of a Curve define the

LineString. A LineString is a subtype of Curve that uses linear interpolation between

points. A LineString is closed if its start point is equal to its end point. A LineString is
simple if it has no self-intersections.

Line. A Line is a LineString with exactly two points.

LinearRing. A LinearRing is a LineString that is both closed and simple.

e Surface. A Surface is a 2-dimensional geometric object. This geometry is abstract (i.e.,
it may not be instantiated). A simple surface may consist of a single “patch” that has one
“exterior” boundary and 0 or more “interior” boundaries (i.e. a polygon with holes).

Polygon. A Polygon is a simple Surface that is planar. It has exactly one exterior boundary

and may have several non-intersecting internal boundaries. Each Polygon is topologically
closed and no two boundaries (interior or exterior) cross. However, two boundaries may
intersect at a Point, but only as a tangent. The interior of a Polygon is a connected point-set

while the exterior of a Polygon with holes is not connected.

e Triangle. A Triangle is a Polygon with 3 distinct, non-collinear vertices and no “interior”
boundary.

Polyhedral Surface. A Polyhedral Surface is a contiguous collection of Polygons, which

share common boundary segments. Each pair of polygons that touch, have a common bound-
ary that is expressed as a finite collection of LineStrings. FEach such Linestring is a part of
the boundary of at most 2 Polygon patches.
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e Triangulated Irregular Network (TIN). A TIN is a Polyhedral Surface consisting only
of Triangle patches.

e Geometry Collection. A Geometry Collection is a geometric object that is a collection of
some number of geometric objects.

e MultiPoint. This is a Geometry Collection whose elements are Points that are not con-
nected.

e MultiCurve. A MultiCurve is a Geometry Collection whose elements are Curves.

e MultiLineString. A MultiLineString is a Geometry Collection whose elements are
LineStrings.

e MultiSurface. A MultiSurface is a 2-d Geometry Collection whose elements are Surfaces.
The geometric interiors of any two Surfaces may not intersect. The boundaries of any two
surfaces may not cross but may touch at a finite number of Points.

e MultiPolygon. A MultiPolygon is a Multi Surface Collection whose elements are Polygons.
The boundaries of each Polygon may not intersect.

The interpretation of the coordinates of a geometry depends on the coordinate reference system
that is associated with the geometry. In Section we will discuss about coordinate reference
systems. Note that according to the WKT standard, the coordinate reference system that is
associated to a geometric object is never embedded in the object’s representation.

The syntax of the WKT representation of a geometric object is presented in [OGC10€]. Examples
of geometric objects represented in WKT are shown in Table

4.1.2 Coordinate reference systems

The interpretation of the coordinates of a geometry depends on the coordinate reference system
that is associated with the geometry. A coordinate reference system defines how to relate the
coordinates of a geometric object to real locations on the surface of Earth. A coordinate reference
system is a coordinate system that is related to the real world by a datum. A coordinate system
is a set of mathematical rules for specifying how coordinates are to be assigned to each point. A
datum is defined as any quantity or set of such quantities that may serve as a referent or basis for
calculation of other quantitiesﬂ For example, a geodetic datum is a set of reference points against
which position measurements are made while a geocentric datum is a geodetic datum in which
the Earth’s center of mass is involved in specifying the coordinate system. In order to define a
geodetic datum, one needs to define the origin and orientation of the coordinate system and the
dimensions of the reference ellipsoid. In geodesy, a reference ellipsoid is a mathematically-defined
surface that approximates the irregular shape of the Earth. The planar sections of an ellipsoid are
either ellipses or circles.

In the literature, a coordinate reference system is also referred to as a spatial reference system.
Various types of spatial reference systems exist. For example, planar systems have x- and y-axes (or
even z if they are three-dimensional), terrestrial systems utilize longitude and latitude coordinates
and polar systems utilize polar coordinates. The WKT standard defines a syntax for representing
three types of spatial reference systems: geographic (latitude-longitude), geocentric (X, Y, Z) and
projected (X, Y).

A geographic coordinate reference system, is a three-dimensional system that utilizes latitude,
longitude and optionally ellipsoidal height. In a geographic coordinate reference system, the earth’s
three-dimensional ellipsoid is mapped using a series of horizontal (longitude lines or parallels)

5Geodetic Glossary, http://www.ngs.noaa.gov/CORS-Proxy/Glossary/xml/NGS_Glossary.xml!
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Table 4.1: Examples of geometric objects represented in WKT

Geometry WKT representation -Geometrlc ob-
type ject
Point Point (5 5)
LineString LineString(5 5,28 7,44 14,47 35,40 40,20 30) j
Polygon Polygon((5 5,28 7,44 14,47 35,40 40,20 30,5 5)) Q
Polygon((5 5,28 7,44 14,47 35,40 40,20 30,5 5),
Polygon (28 29,14.5 11,26.5 12,37.5 20,28 29))
MultiPoint MultiPoint ((5 5),(28 7), (44 14),(47 35), (40 ¢
40), (20 30))
GeometryCollection(
Point (5 35), .
Geometry LineString(3 10,5 25,15 35,20 37,30 40),
Collection Polygon((5 5,28 7,44 14,47 35,40 40,20 30,5 5),
(28 29,14.5 11,26.5 12,37.5 20,28 29))
)
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and vertical (latitude lines or meridians) reference lines. The geographic coordinate reference
system uses geodetic longitude and latitude to form the geographic coordinates and additionally it
provides a quantity for geodetic height (elevation) that is defined as the distance from the reference
ellipsoid in a direction normal to the ellipsoid. The Word Geodetic System (WGS) is a well-known
geographic coordinate reference system. The latest revision is WGS 84 and it is the reference
coordinate system used by the Global Positioning System. The coordinate origin for WGS 84 is
the mass center of the Earth and the WGS 84 datum surface is a pole-flattened spheroid.

A geocentric coordinate reference system is a three-dimensional cartesian system. Geocentric coor-
dinate reference systems have a specific point of origin that is the common intersection point for all
planes. For example, the earth’s mass center is the origin point for the “Earth-center, earth-fixed”
(ECEF) coordinate system. The z axis of the ECEF coordinate reference system passes through
the equator at the prime meridian, the z axis passes through the north pole and the y axis passes
through the equator at 90° longitude.

A projected coordinate reference system, is a system that transforms a three-dimensional world
into a two-dimensional system. The reference surface is usually ellipsoid but a sphere can be used
for small-scale mapping. Projection coordinate systems are always associated with a geographic
coordinate system. A projection always makes compromises, since it either preserves one projection
property or makes a compromise between projection properties. The following are projections
properties: angles (preserve angles and shapes), areas (preserve the relative size of regions), distance
(partially preserve distance relationships), direction (preserve certain lines of direction). It is
important to notice that every projection creates distortions and that geographic information from
different projections should not be combined directly.

Two examples of projected coordinate reference systems that are used in the NOA use case, are the
Greek Geodetic Reference System 1987 and the Universal Transverse Mercator. The Greek Geode-
tic Reference System 1987 (GGRS87) is a projection system commonly used in Greece. GGRS87
uses a local geographic reference system and a fine-tuned transverse Mercator cartographic projec-
tion. The local coordinate reference system is the Geodetic Reference System 1980 (GRS80) that
is non-geocentric and consists of a global reference ellipsoid and a gravity field model. The origin
of the GGRS87 is slightly different from the center of the GRS80 datum, so that the ellipsoid is
optimal for Greece. The Universal Transverse Mercator (UTM) is a well known global map pro-
jection. UTM uses the WGS 84 ellipsoid as the underlying geographic coordinate system. UTM
is not a single projection system. Instead, it is set upon a zoned grid which divides the earth into
sixty zones of equal width. Each zone uses a fine-tuned transverse Mercator projection that is
capable of mapping a region of large north-south extent with a low amount of distortion.

Various authorities may provide predefined spatial reference systems. The European Petroleum
Survey Group (EPSG) is an authority that provides a huge collection of spatial reference systems.
Each reference system is assigned a unique identifier, and this identifier is used in applications
to reference a specific spatial reference system. For example, if a spatial dataset is encoded ac-
cording to the spatial reference system with identification number 4326 or by the urn identifier
urn:epsg:4326, we can assume that every coordinate in the dataset is encoded according to the
WGS84 geographic coordinate reference system.

4.1.3 Geography Markup Language

The Geography Markup Language (GML) [OGC07] is an OGC standard that defines an XML
grammar written in XML Schema for modeling, exchanging and storing geographic information.
GML defines a grammar for representing features, spatial reference systems, geometric objects,
topologies, time and units of measurement. The GML standard defines a large number of XML
elements and attributes in order to allow the encoding of features, spatial and temporal topologies,
complex geometric property types and coverages. As a result, various profiles like the Point Profile,
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the Simple Features Profile, the GMJP2 Profile and the Profile for RSS are defined. These profiles
deal only with a subset of GML and are intended to simplify the adoption of GML.

The GML Simple Features specification (GML-SF) [OGC10a] and the Simple Features for SQL
standard [OGC10¢] that we will present in Section [4.3.1 have similar structure and describe similar
geometries. However, GML Simple Features can have geometries in three dimensions while Simple
Features for SQL can have geometries with only two dimensions. In GML-SF, a feature can
have any number of geometric properties, and every geometry should be referenced to a spatial
reference system that has 1, 2 or 3 dimensions. Additionally, GML-SF defines a richer mechanism
for representing feature metadata.

The base type for every geometric object that can be represented in GML is gml:Abstract
GeometryType. All geometry elements are derived from this abstract datatype. A geometry
should have an identifier (defined by an element with name gml:id), may have one or more
names (defined by the elements gml:name or gml:identifier), may have a description (defined
by the elements gml :description and gml:descriptionReference) and may be associated with
a spatial reference system (defined by the gml:SRSReferenceGroup attribute group). The GML
standard defines that all direct positions should be directly or indirectly associated with a spatial
reference system. This means that when a geometric object is aggregated in another geometric
object (for example the gml:MultiPoint contains gml:Point elements) that is associated with
a spatial reference system, then the aggregated elements are assumed to be associated with the
same spatial reference system unless otherwise specified. Additionally, a gml:AbstractGeometry
element is declared. Any geometry element is directly or indirectly in the substitution group of
gml:AbstractGeometry.

The GML Simple Features Profile supports the following geometry property types that are defined
in the GML standard with some additional restrictions: gml:PointPropertyType, gml:Curve
PropertyType, gml:SurfacePropertyType, gml:GeometryPropertyType, gml:MultiPoint
PropertyType, gml:MultiCurvePropertyType, gml:MultiSurfacePropertyType, gml:Multi
GeometryPropertyType. These property types reference the following geometric objects:

e Point. A gml:Point element represents a point and is defined by a single coordinate tuple
(a list of coordinates).

e LineString. The element gml:LineString is a curve that consists of a single segment
defined by two or more coordinate tuples with linear interpolation between them.

e Curve with LineString segments. A gml:Curve with gml:LineStringSegment segments
is a continuous and connected curve that can be composed of one or more gml:LineString
Segment segments. A gml:LineStringSegment is a curve segment that is similar to a
gml:LineString.

e Polygon. The gml:Polygon is a surface that consists of a single surface patch that has a
co-planar boundary and uses planar interpolation in its interior.

e Surface with Polygon patches. A gml:Surface with gml:PolygonPatch patches is com-
posed of one or more gml:PolygonPatch patches that are connected to one another. A
gml:PolygonPatch is a surface patch that is similar to a gml:Polygon.

e MultiPoint. The element gml:MultiPoint is a geometric aggregate and consists of one or
more gml:Point elements.

e MultiCurve. The element gml:MultiCurve is a geometric aggregate and consists of one
or more gml:AbstractCurve elements. The GML-SF restricts the supported members to
gml:LineString and gml:Curve with gml:LineStringSegment segments.

e MultiSurface. The element gml:MultiSurface is a geometric aggregate and consists of one
or more gml:AbstractSurface elements. The GML-SF restricts the supported members to
gml :Polygon and gml:Surface with gml:PolygonPatch patches.
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e MultiGeometry. This property is a geometric aggregate. The GML-SF restricts the sup-
ported elements to gml:Point, gml:LineString, gml:Curve, gml:Polygon, gml:Surface,
gml:MultiPoint, gml:MultiCurve and gml:MultiSurface.

The syntax of the GML representation of a geometric object is presented in [OGC07]. Examples
of geometric objects represented in GML are shown in Table
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Table 4.2: Examples of geometric objects represented in GML.

Geometry
type

GML representation

Geometric
object

Point

<gml:Point gml:id="p1"
srsName="urn:ogc:def:crs:EPSG:6.6:4326">
<gml:coordinates>5, 5</gml:coordinates>
</gml:Point>

LineString

<gml:LineString gml:id="p2"
srsName="urn:ogc:def:crs:EPSG:6.6:4326">
<gml:coordinates>
5,5 28,7 44,14 47,35 40,40 20,30
</gml:coordinates>
</gml:LineString >

Polygon

<gml:Polygon gml:id="p3"
srsName="urn:ogc:def:crs:EPSG:6.6:4326">
<gml:exterior>
<gml:LinearRing>
<gml:coordinates>
5,5 28,7 44,14 47,35 40,40 20,30 5,5
</gml:coordinates>
</gml:LinearRing>
</gml:exterior>
</gml:Polygon>

Polygon

<gml:Polygon gml:id="p4"
srsName="urn:ogc:def:crs:EPSG:6.6:4326">
<gml:exterior>
<gml:LinearRing>
<gml:coordinates>
5,5 28,7 44,14 47,35 40,40 20,30 5,5
</gml:coordinates>
</gml:LinearRing>
</gml:exterior>
<gml:interior>
<gml:LinearRing>
<gml:coordinates>
28,29 14.5,11 26.5,12 37.5,20 28,29
</gml:coordinates>
</gml:LinearRing>
</gml:interior>
</gml:Polygon>
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<gml:MultiPoint gml:id="p5"
srsName="urn:ogc:def:crs:EPSG:6.6:4326">
<gml:pointMember>
<gml:Point>
<gml:coordinates>5,5</gml:coordinates>
</gml:Point>
</gml:pointMember>
<gml:pointMember>
<gml:Point>
<gml:coordinates>28,7</gml:coordinates>
</gml:Point>
</gml:pointMember>
<gml:pointMember>
<gml:Point>
<gml:coordinates>44,14</gml:coordinates>
</gml:Point> .
</gml:pointMember>
<gml:pointMember> .
<gml:Point> .
<gml:coordinates>47,35</gml:coordinates>
</gml:Point>
</gml:pointMember>
<gml:pointMember>
<gml:Point>
<gml:coordinates>40,40</gml:coordinates>
</gnml:Point>
</gml:pointMember>
<gml:pointMember>
<gml:Point>
<gml:coordinates>20,30</gml:coordinates>
</gml:Point>
</gml:pointMember>
</gml:MultiPoint>

MultiPoint
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<gml:MultiGeometry gml:id="p6"
srsName="urn:ogc:def:crs:EPSG:6.6:4326">
<gml:geometryMember>
<gml:Point>
<gml:coordinates>5,35</gml:coordinates>
</gml:Point>
</gml:geometryMember>
<gml:geometryMember>
<gml:LineString>
<gml:coordinates>
3,10 5,25 15,35 20,37 30,40
</gml:coordinates>
</gml:LineString >
</gml : geometryMember>

<gml:geometryMember> .
Geometry <gml:Polygon>
Collection <gml:exterior>

<gml:LinearRing>
<gml:coordinates>
5,5 28,7 44,14 47,35 40,40 20,30 5,5
</gml:coordinates>
</gml:LinearRing>
</gml:exterior>
<gml:interior>
<gml:LinearRing>
<gml:coordinates>
28,29 14.5,11 26.5,12 37.5,20 28,29
</gml:coordinates>
</gml:LinearRing>
</gml:interior>
</gml:Polygon>
</gml:geometryMember>
</gml:MultiGeometry>

4.2 The data model sRDF-+-+

sRDF |[KKI10] is a constraint data model that extends RDF with the ability to represent spatial
and temporal data using linear constraints. In sRDF, we followed the main ideas of constraint
databases [KKR90, RSV00Q, Rev02, Kou94d| and we represented spatial objects as quantifier-free
formulas in the first-order theory of linear inequalities over the rational numbers. In this section
we present a new version of SRDF that uses OGC standards to represent geospatial informatiorﬂ

In sSRDF-++ we introduce the new data type srdf : geometry for modelling geometric objects. The
values of this datatype are typed literals that encode geometric objects using the WKT format.
Literals of the datatype srdf:geometry will often be called spatial literals.

6SRDF++ can actually be defined as an extension of sRDF defined in [KK10] by keeping linear constraints
as an alternative abstract version of representing spatial geometries. But since we do not plan to explore this
representation at all in TELEIOS, we no longer discuss this issue here.
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In RDF datatypes are defined as in XMIm A datatype consists of a value space, a lexical space
and a lexical-to-value mapping and is identified by one or more URI references. The value space
is the set of values for a given datatype and is denoted by one or more literals in its lexical space.
The lexical space of a datatype is a set of strings and the lezical-to-value mapping of a datatype
is a set of pairs whose first element belongs to the lexical space of the datatype, and the second
element belongs to the value space of the datatype.

The new datatype srdf:geometry is defined as follows. The value space of the datatype
srdf :geometry is the geometry values defined in [OGC10e] and [OGCI0a], that is the power-
set of R?, R3 and R?. The lexical space of the datatype srdf:geometry consists of finite-length
sequences of characters that can be produced from the WKT representation for geometry grammar
defined in [OGCI0e], accompanied by a semi-colon and a URI that identifies the corresponding
spatial reference system. Additionally, the lexical space contains the finite-length sequences of
characters that can be produced from that subset of the GML grammar that produces the geomet-
ric objects defined in [OGCI10al]. The lexical-to-value mapping for the datatype srdf:geometry
maps elements of the lexical space to elements of the value space in the obvious way by taking into
account that the vector-based model is used for representing geometries.

Example 1. The following are RDF triples that utilize the new datatype.

ex:hotspotl rdf:type noa:Hotspot
ex:hotspotl noa:hasReliability "100"~"xsd:decimal .
ex:hotspotl noa:hasLocation
"POINT (669062 4238286) ;urn:epsg:ggrs87"~"srdf:geometry .

The above triples define a hotspot, its reliability and its 2-dimensional geometry. The latter is a
typed literal of the new data type srdf:geometry and is encoded in WKT. Notice that a urn is used
to denote that the coordinates that give the point of the hotspot are projected to the Greek Geodetic
Reference System 1987 (GGRS87).

Example 2. The following triples are from Ezample[1 But now we use GML to represent the
hotspot’s location.

ex:hotspotl rdf:type noa:Hotspot
ex:hotspotl noa:hasReliability "100"~"xsd:decimal .
ex:hotspotl noa:hasLocation
"""<gml:Point gml:id="pl" srsName="urn:epsg:ggrs87">
<gml:coordinates>669062 4238286</gml:coordinates>
</gml:Point>"""~"srdf :geometry .

sRDF-++ imposes very minimal new requirements to Semantic Web developers that want to use
our approach: all they have to do is utilize a new literal datatype. The new literal datatype can
be used together with spatial ontologies expressed in RDFS to give the same kind of class-based
modeling capabilities offered by other approaches like [Per(8|.

Representing time in sRDF++

Database researchers have differentiated among user-defined time, valid time and transaction time
(see Section [3.2.2)). The data model stRDF [KK10] allows the representation of the valid time of
a triple (i.e., the time that the triple was valid in reality) using the approach of Gutierrez et al.

"Resource Description Framework (RDF): Concepts and Abstract Syntax, http://wuw.w3.org/TR/
rdf - concepts/#section-Datatypes.
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[GHV07] where a fourth component is added to each triple. According to our current understanding
of the NOA and DLR use cases, only the concept of user-defined time is required.

RDF (and therefore sRDF-++) supports user-defined time since triples are allowed to have as
objects literals of the following XML Schema datatypes: xsd:dateTime, xsd:time, xsd:date,
xsd:gYearMonth, xsd:gYear, xsd:gMonthDay, xsd:gDay, xsd:gMonth.

Example 3. The following triples are from Ezample[1, But now we use an additional triple to
represent the time that the hostspot was detected.

ex:hotspotl rdf:type noa:Hotspot .
ex:hotspotl noa:hasReliability "100"~"xsd:decimal .
ex:hotspotl noa:hasLocation
"POINT (669062 4238286) ;urn:epsg:ggrs87"~~srdf :geometry
ex:hotspotl noa:hasDetectionTime "2009-08-17T17:30:01"""xsd:dateTime .

4.3 The query language sSPARQL-++

In this section we will present the query language sSSPARQL++ that is a new version of sSSPARQL
to query sRDF++ graphs. First, we will present the OpenGIS Simple Features Access for SQL
specification that is a well-established OGC standard for managing sets of simple features using
SQL. Then we will present the query language sSSPARQL-++ by means of examples.

4.3.1 OpenGIS Simple Features Access

The OpenGIS Simple Features Access standard [OGCI0d| (also known as ISO 19125) defines a
standard SQL schema that supports storage, retrieval, query and update of collections of simple
features using SQL. Simple features have both spatial and non-spatial attributes. The spatial
attributes are geometries of the types described in Section [4.1.1] Sets of simple features are stored
as relational tables and each feature is a row in the table. The spatial attributes of the features are
represented as geometry-valued columns, while non-spatial attributes are represented as columns
whose types are the standard SQL data types. The standard describes schemas for two types of
feature tables implementations: implementations using only the SQL predefined data types and
SQL with Geometry types.

The former approach is based on the classical SQL relational model and geometric objects are
stored in a geometry-valued column that is implemented using a “geometry id” reference into a
geometry table. A geometry table is a relational table where geometric objects are stored (possibly
by using more than one rows) and may be implemented using standard SQL types or SQL binary
types. When using predefined types, a geometry will be stored as an array of coordinate values
using predefined SQL numeric types. When using SQL binary types, the well known binary
representation of a geometric object will be used for storing geometries.

The latter approach uses the types presented earlier in Section to define new geometric data
types for SQL. In both cases, additional tables are used to store information about features and
spatial reference systems. However, the standard does not provide SQL functions for accessing
geometries in an implementation based on predefined SQL data types. As a result, we focus on the
implementation based on SQL with geometry types, as the standard defines a simple geometric
profile for the definition of geometric attributes, and describes a set of SQL Geometry Types
together with SQL functions on those types.

The SQL Geometry Types are the types we presented earlier in Section In this section
we will present the functions that are defined in the OpenGIS Simple Features Access standard
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for all Geometry Types. These functions have been widely adopted by the GIS community and
our aim is to incorporate them in sSSPARQL-++ so that SRDF-+-+ graphs will be queried using a
user-friendly language in a similar way that SQL is used to query geographic features in spatially
enabled relational databases.

The following functions have been defined for requesting the desired representation of a geome-
try, checking whether some condition holds for a geometry and returning some properties of the
geometry:

1. ST_Dimension(A:Geometry) : Integer, returns the inherent dimension of the geometric ob-
ject A, which must be less than or equal to the coordinate dimension.

2. ST_GeometryType (A:Geometry) : String, returns the name of the instantiable subtype of
Geometry as defined in [OGC10e|, of which the geometric object A is an instantiable member.

3. ST_AsText (A:Geometry) :String, exports the geometric object A to a specific WKT Repre-
sentation of Geometry.

4. ST_AsBinary(A:Geometry) :Binary, exports the geometric object A to a specific Well-known
Binary Representation of Geometry.

5. ST_SRID(A:Geometry) : Integer, returns the Spatial Reference System ID for the geometric
object A.

6. ST_IsEmpty(A:Geometry) :Boolean, returns true if the geometric object A is the empty Ge-
ometry. Otherwise, it returns false.

7. ST_IsSimple(A:Geometry) :Boolean, returns true if the geometric object A has no anoma-
lous geometric points, such as self intersection or self tangency. Otherwise, it returns false.

The following functions have been defined for testing named spatial relationships between two
geometric objects.

1. ST_Equals(A:Geometry, B:Geometry) :Boolean, returns true if the geometric object A is
“spatially equal” to the geometric object B. Otherwise it returns false.

2. ST_Disjoint (A:Geometry, B:Geometry):Boolean, returns true if the geometric object A is
“spatially disjoint” to the geometric object B. Otherwise it returns false.

3. ST_Intersects(A:Geometry, B:Geometry):Boolean, returns true if the geometric object
A “spatially intersects” the geometric object B. Otherwise it returns false.

4. ST_Touches(A:Geometry, B:Geometry):Boolean, returns true if the geometric object A
“spatially touches” the geometric object B. Otherwise it returns false.

5. ST_Crosses(A:Geometry, B:Geometry):Boolean, returns true if the geometric object A
“spatially crosses” the geometric object B. Otherwise it returns false.

6. ST_Within(A:Geometry, B:Geometry):Boolean, returns true if the geometric object A is
“spatially within” to the geometric object B. Otherwise it returns false.

7. ST_Contains(A:Geometry, B:Geometry):Boolean, returns true if the geometric object A
“spatially contains” the geometric object B. Otherwise it returns false.

8. ST_Overlaps(A:Geometry, B:Geometry):Boolean, returns true if the geometric object A
“spatially overlaps” the geometric object B. Otherwise it returns false.
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9. ST_Relate(A:Geometry, B:Geometry, intersectionPatternMatrix: String):Boolean,
returns true if the geometric object A is “spatially related” to the geometric object B by testing
for intersections between the interior, boundary and exterior of the two geometric objects as
specified by the values in the intersectionPatternMatrix.

The following functions have been defined for constructing new geometric objects from existing
geometric objects.

1. ST_Boundary(A:Geometry) : Geometry, returns a geometric object that is the boundary of
the geometric object A.

2. ST_Envelope (A:Geometry) : Geometry, returns a geometric object that is the minimum bound-
ing box for the input Geometry A.

3. ST_Intersection(A:Geometry, B:Geometry):Geometry, returns a geometric object that
represents the Point set intersection of the geometric objects A and B.

4. ST_Union(A:Geometry, B:Geometry) :Geometry, returns a geometric object that represents
the Point set union of the geometric objects A and B.

5. ST_Difference(A:Geometry, B:Geometry):Geometry, returns a geometric object that rep-
resents the Point set difference of the geometric objects A and B.

6. ST_SymDifference(A:Geometry, B:Geometry):Geometry, returns a geometric object that
represents the Point set symmetric difference of the geometric objects A and B.

7. ST_ConvexHull (A:Geometry) : Geometry, returns a geometric object that represents the con-
vex hull of the geometric object A.

8. ST_Buffer(A:Geometry, distance:Double) :Geometry, returns a geometric object that rep-
resents all Points whose distance from the geometric object A is less than or equal to distance.
Calculations are in the spatial reference system of this geometric object.

The ST_Distance(A:Geometry, B: Geometry) :Double function is defined for calculating the
shortest distance between two geometric objects. This operation is calculated in the spatial refer-
ence system of the geometric objects.

4.3.2 Design choices

Let us now explain how we have chosen to introduce the above functions into sSSPARQL++. Our
approach is to define a URI for each of the functions defined in the OpenGIS Simple Feature
Access standard that were described in the previous section and use them in SPARQL queries. For
example, we assign the URI srdf:Contains to the function ST_Contains.

In sSSPARQL++ we allow these functions to be used either in the select or the filter part of a query.
The SPARQL W3C standard allows the usage of functions inside the filter part of a query. These
functions can be either built-in functions like isIRI or extension functiond®] Extension functions
are named by an IRI, can have various RDF terms as arguments and return an RDF term as a
result. For example, in order to use the ST_Contains function that is not part of the core SPARQL
specification, we introduce the function:

xsd:boolean srdf:Contains(srdf:geometry gl, srdf:geometry g2)

8SPARQL Query Language for RDF, http://www.w3.org/TR/rdf - sparql-query/#extensionFunctions,

D2.1 A data model and query language for an extension of RDF with time and space 60


http://www.w3.org/TR/rdf-sparql-query/#extensionFunctions

TEL E;l@"

TELEIOS FP7-257662

that take as arguments two spatial literals g1 and g2, checks whether g1 “spatially contains” g2
and returns the appropriate result encoded as an xsd:boolean typed literal.

Naturally, the arguments of the functions can be variables, spatial literals encoded in WKT or
GML or other extension functions. For example, to check whether the variable ?GEO is bound to
a spatial literal that contains the point "POINT (669062 4238286) ;urn:epsg:ggrs87"

~~srdf :geometry, we could use the following expression inside the filter clause of a standard
SPARQL query:

srdf :Contains (?GEO, "POINT(669062 4238286) ;urn:epsg:ggrs87"~~srdf:geometry)

As we mentioned earlier, in SSPARQL-++ we allow spatial functions to be used in the select part
of a SPARQL query as well. The current specification of SPARQL 1.0 does not provide this func-
tionality. However, the current working draft on SPARQL 1.1, define that select expressionsﬂ can
be either variables, built-in functions, extension functions, RDF literals, aggregate functions or
complex expressions. As a result, new spatial literals can be generated on the fly during query
time based on pre-existing spatial literals. For example, to obtain the buffer of a spatial literal
that is bound to the variable 7GEQ, we would use the following select expression:

select srdf:Buffer(?GE0) as ?GEOBUFFER

In sSSPARQL++ we also define a function that transforms the coordinates of a geometry to another
spatial reference system. The function srdf : Transform takes as an argument a spatial literal and
a URI and returns a new spatial literal with its coordinates transformed to the spatial reference
system referenced by the URI parameter:

srdf :geometry srdf:Transform(srdf:geometry gl, URI srid)

We also define the following functions that transform the representation of a geometric object:

e ST_AsText (A:Geometry) :String, returns the Well-Known Text (WKT) representation of
the geometric object A.

e ST_AsBinary(A:Geometry) :String, returns the Well-Known Binary (WKB) representation
of the geometric object A.

e ST_AsGML (A:Geometry) :String, returns the Geographic Markup Language (GML) repre-
sentation of the geometric object A.

4.3.3 sSPARQL+-+ by examples

Let us now consider examples of sSSPARQL-++. We will use some queries that we presented earlier
in Chapter [2] where we discussed the semantic challenges for the NOA use case, but in this case
we will present in detail the new features introduced by sSPARQL++.

We will consider a dataset from the NOA use case that is similar to the examples presented in
Section We will consider the bounding box of the coastline of Greece, land cover information
about Greece based on the Corine Land Cover dataset, FMM-1 products that describe hotspots
and FFM-2 products that describe burned areas. For the sake of the example, we will use very
simple geometries. The sRDF+-+ description of two hotspots that have a location in space, a
reliability factor and the time that they were detected are the following (noa is the namespace of
the vocabulary presented in Chapter [2f and ex is the namespace of an example namespace):

9SPARQL 1.1 Query Language, http://www.w3.org/TR/sparqlll-query/#select_expressions.
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ex:Hotspotl rdf:type noa:Hotspot

ex:Hotspotl noa:hasLocation "POINT(38.17 23.73);urn:epsg:wgs84"~~srdf:geometry.
ex:Hotspotl noa:hasReliabity "40.0000"~"xsd:double .

ex:Hotspotl noa:hasDetectionTime "2009-08-17T17:45:00"""xsd:dateTime .

ex:Hotspot2 rdf:type noa:Hotspot

ex:Hotspot2 noa:hasLocation "POINT(38.18 23.77) ;urn:epsg:wgs84"~~srdf:geometry.
ex:Hotspot2 noa:hasReliabity "70.0000"~"xsd:double .

ex:Hotspot2 noa:hasDetectionTime "2009-08-17T17:45:00"""xsd:dateTime .

ex:Hotspot3 rdf:type noa:Hotspot

ex:Hotspot3 noa:hasLocation "POINT(38.24 23.75) ;urn:epsg:wgs84"~~srdf:geometry.
ex:Hotspot3 noa:hasReliabity "20.0000"~"xsd:double .

ex:Hotspot3 noa:hasDetectionTime "2009-08-17T17:45:00"""xsd:dateTime .

Notice the last triples in the descriptions of Hotspotl and Hotspot2 that capture temporal infor-
mation.

The sRDF++ description of an individual burned area is the following;:

ex:BurntAreal rdf:type noa:BurntArea .
ex:BurntAreal noa:hasGeometry
"POLYGON((38.17 23.72,38.19 23.72,38.19 23.78,38.19 23.72,
38.17 23.72)) ;urn:epsg:wgs84"~"srdf :geometry .

The sRDF-++ description of the minimum bound box of the coastline of Greece is the following:

ex:coastlinembb rdf:type noa:GeographicBound .
ex:coastlinembb ex:refersToCountry dbpedia:Greece .
ex:coastlinembb ex:hasGeometry
"POLYGON ((33.23 18.27,33.23 29.97,41.77 29.97,41.77 18.27,
33.23 18.27)) ;urn:epsg:wgs84"~"srdf :geometry .

We assume a very simple class hierarchy that describes forests according to the Corine Land Cover
nomenclature. For this example, we have forests, that are specialized to broad-leaved forests,
coniferous forests and mixed forests:

clc:Forest rdf:type rdfs:Class .
clc:BroadlLeavedForest rdf:type rdfs:Class .
clc:ConiferousForest rdf:type rdfs:Class .
clc:MixedForest rdf :type rdfs:Class .

clc:BroadLeavedForest rdfs:subClass0f clc:Forest .
clc:ConiferousForest rdfs:subClass0f clc:Forest .
clc:MixedForest rdfs:subClass0f clc:Forest .

The sRDF++ description of three individual forests according to the Corine Land Cover dataset
is the following:

ex:ForestAreal rdf:type noa:Area .
ex:ForestAreal noa:hasGeometry
"POLYGON((38.16 23.7,38.18 23.7,38.18 23.8,38.16 23.8,
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38.16 23.7));urn:epsg:wgs84"~~srdf :geometry .
ex:ForestAreal noa:hasCorinelLandCover clc:ConiferousForest .
ex:ForestArea2 rdf:type noa:Area .
ex:ForestArea2 noa:hasGeometry
"POLYGON((38.18 23.7,38.19 23.7,38.19 23.8,38.18 23.8,
38.18 23.7));urn:epsg:wgs84"~~srdf:geometry .
ex:ForestArea2 noa:hasCorinelLandCover clc:MixedForest .
ex:ForestArea3d rdf:type noa:Area .
ex:ForestArea3 noa:hasGeometry
"POLYGON((38.19 23.7,38.21 23.7,38.21 23.8,38.19 23.8,
38.19 23.7));urn:epsg:wgs84"~~srdf:geometry .
ex:ForestArea3 noa:hasCorinelLandCover clc:MixedForest .

Example 4. Spatial join. Find the URIs of the burned areas that are located in Greece.

select 7BA

where {7BA rdf:type noa:BurntArea .
?BA noa:hasGeometry 7BAGEOD .
?C rdf:type noa:GeographicBound .
?C ex:refersToCountry dbpedia:Greece .
?C ex:hasGeometry 7CGEO .
filter(srdf:Contains (?CGEO, 7BAGEQ)) 1}

Query result. The result of this query is displayed below.

7BA

ex:BurntAreal

Let us now explain in some detail the features of sSSPARQL++ by referring to the above example.
As in standard SPARQL, variables can be used in basic graph patterns to refer to spatial liter-
als denoting point sets (e.g., variable ?BAGEO in 7BA noa:hasGeometry 7BAGEQ). These variables
can also be used in the functions we introduced in Section £.3.21 These functions can be used in
filter expressions to compare spatial terms using spatial predicates. Spatial terms include spatial
literals (e.g., "POINT(O 0)"~~srdf:geometry), spatial variables and complex spatial terms (e.g.
srdf :Intersection(?GEQ,POLYGON((O 0,1 0,1 1,0 1,0 0))"~~srdf:geometry) which denotes
the intersection of the value of spatial variable ?GEQ and the polygon "POLYGON((0 0, 1 0, 1 1,
0 1, 0 0))"~~srdf:geometry). There are several types of spatial predicates such as topological,
distance, directional, etc. that one could introduce in a user-friendly spatial query language. In
the current version of sSSPARQL++ only the topological relations of [CCR93, [EF91] that were
presented earlier in Section [£.3.1] can be used as predicates in a spatial filter expression, e.g.,
filter(srdf:Inside(?7GE01, 7GE02)).

Example 5. Query with OPTIONAL and spatial function application. Find the URIs and the
geometries of all forests. Optionally, if a forest was burned in the past, return the geometry of its
burned part as well.

select ?7F srdf:AsText(?FGE0) AS 7FORESTGEQ
srdf:AsText (srdf:Intersection(?FGEOQ,?BAGEOQ)) as 7BURNEDFOREST
where {7F rdf:type noa:Area .
?F noa:hasCorinelLandCover 7FLC .
?FLC rdfs:subClass0f clc:Forest .
?F noa:hasGeometry 7FGEO .
optional {?BA rdf:type noa:BurntArea .
?BA noa:hasGeometry 7BAGEOD .
filter(srdf:0verlaps(?7BAGEO, 7FGE0)) } }
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Query result. The result of this query is displayed below.

7F 7FORESTGEO 7BURNEDFOREST
"POLYGON((38.16 23.7, "POLYGON((38.17 23.72,
38.18 23.7,38.18 23.8, 38.18 23.72,38.18 23.78,
ex:ForestAreal | 35 16 23.8,38.16 23.7)); 38.17 23.78,38.17 23.72));
urn:epsg:wgs84"~"srdf :geometry urn:epsg:wgs84" "~ “srdf:geometry
"POLYGON((38.18 23.7, "POLYGON((38.18 23.72,
38.19 23.7,38.19 23.8, 38.19 23.72,38.19 23.78,
ex:ForestArea2| a3 18 23.8,38.18 23.7)); 38.18 23.78,38.18 23.72));
urn:epsg:wgs84"~"srdf : geometry urn:epsg:wgs84" "~ “srdf:geometry
"POLYGON((38.19 23.7,
38.21 23.7,38.21 23.8,
ex:ForestAread| 33 19 23.8,38.19 23.7));
urn:epsg:wgs84"~"srdf :geometry

The above is an example of an optional graph pattern in sSSPARQL-++. As in SPARQL, optional
graph patterns allow information to be added to what has already been collected if this information
is available, instead of rejecting solutions if some part of a triple pattern does not match. If an
optional graph pattern matches a graph, new bindings are defined and added to one or more
solutions. If an optional graph pattern does not match a graph, the solution is left unchanged.
Unlike SQL left outer joins, optional graph patterns in SPARQL may be complex graph patterns
with many joins, may contain new variables or references to variables previously declared and may
contain multiple filter expressions.

In the select clause of an SSPARQL++ query we allow expressions like srdf : Intersection(GEO1,
GE02) or srdf:Union(GEO1, GEO2) where GEO1, GEO2 are spatial variables, spatial literals or other
extension functions. These expressions compute new spatial objects, e.g., the intersection or the
union of two regions respectively.

The previous query first finds forests and their geometries. If there is a burned area with a geometry
that overlaps a forest’s geometry, then the intersection of these two geometries will be added to
the solution. In this example, only two forests were (partially) burned (ex:ForestAreal and
ex:ForestArea?2), so the answer variable ?BURNEDFOREST is not bound for ex:ForestArea3.

Example 6. Spatial function application. Find the URIs of the forests that were burned and
compute the burned area in square meters. Use the GGRS87 spatial reference system for projecting
the geometries.

select ?F srdf:Area(srdf:Transform(srdf:Intersection(?FGEO, 7BAGEQ)),
"urn:epsg:ggrs87") as 7BURNEDAREA

where {7F rdf:type noa:Area .

?F noa:hasCorinelLandCover 7FLC .

?FLC rdfs:subClass0f clc:Forest

?F noa:hasGeometry 7FGEO

7BA rdf:type noa:BurntArea .

?BA noa:hasGeometry 7BAGEOD .

filter(srdf:0verlaps(7BAGEO, ?FGE0)) }

Query result. The result of this query is displayed below.
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7F 7BURNEDAREA
ex:ForestAreal "7129357"~"xsd:double
ex:ForestArea?2 "7129882"~"xsd:double

In the select clause of an sSPARQL query we allow arbitrary spatial terms such as
srdf :Area(srdf : Transformsrdf: Intersection(?FGEO, 7BAGED)), ‘‘urn:epsg:ggrs87’’ above.
This expression returns the area of the spatial term that is computed after projecting the in-
tersection of the geometries ?FGEQ and ?BAGEQD to the GGRS87 spatail reference system. Since
the units of measurment for the projection GGR87 are meters, the result is expressed in square
meters. The function srdf : Transform is used for projecting a geometric object to another spatial
reference system. The function srdf:Transform takes as an argument a spatial literal and a urn
and returns a new spatial literal with its coordinates transformed to the spatial reference system
referenced by the urn parameter.

Example 7. Spatial join and temporal selection. Find the hot spots that were detected during the
17th of August 2009 in Greece and are in either broad-leaved or coniferous forests.

select 7HS
where {7C rdf:type noa:GeographicBound .
?C ex:refersToCountry dbpedia:Greece .
?C ex:hasGeometry 7CGEOD .
?HS rdf:type noa:Hotspot .
7HS noa:hasLocation 7HSGEOD .
7HS noa:hasDetectionTime 7T .
filter (srdf:Contains(?CGEO, ?7HSGEQ))
?F rdf:type noa:Area .
?F noa:hasGeometry 7FGEOQ
optional (?F noa:hasCorineLandCover ?FLC1
7?FLC1 rdf:type clc:BroadLeavedForest)
optional (?F noa:hasCorinelLandCover ?FLC2 .
?FLC2 rdf:type clc:ConiferousForest)
filter ((bound(?FLC1) || bound(?FLC2)) && srdf:Contains(?FGEQ, ?HSGED)).
filter ( ?T >= "2009-08-17T00:00:00"~"xsd:dateTime &&
7T <= "2009-08-17T23:59:59"~"xsd:dateTime)}

Query result. The result of this query is displayed below.

THS
ex:Hotspotl

In the above example, we ask for the minimum bounding box of the coastline of Greece and its
geometry. Then, we ask for hotspots that were detected in the past and are located inside Greece.
Afterwards we ask for forests that are either broad-leaved or coniferous and contain the detected
hotspots. Finally, we do a temporal selection where we ask that the hotspot was detected during
August 17, 2009. Notice that the result contains neither ex:Hotspot2 that is located at a mixed
forest nor ex:Hotspot3 that is located outside the minimum bounding box of the coastline of
Greece.

Example 8. Spatial join and spatial function application. Select the URIs of the hotspots that
have a geometry that is considered to be the center of a square whose sides have length 1 km and
is located in the sea. For all calculations, project the geometries to the GGRS87 spatial reference
system.
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select 7HS
where {7HS rdf:type noa:Hotspot .

?HS noa:hasLocation ?7HSGEO .

?C rdf:type noa:Coastline .

?C ex:refersToCountry dbpedia:Greece .

?C ex:hasGeometry 7CGEO .

filter(srdf:0verlaps(srdf:Transform(?7CGEQ, "urn:epsg:ggrs87"),

srdf :Envelope (srdf :Buffer (srdf: Transform(
?HSGEQ, "urn:epsg:ggrs87"), 500))))}

Query result. The result of this query is displayed below.

THS
ex:Hotspot3

This query uses the srdf :Buffer spatial operation which involves a spatial object and a distance.
The result of this spatial operation is a new geometry that contains all the points at the specified
maximum distance along the spatial object that was given as an input. The distance is expressed
in the units of measurement of the spatial reference system that is associated to the geometries. We
project the geometries to the GGRS87 spatial reference system that is an appropriate projection
system for the area of interest, and we calculate the buffer of the hotspot’s location using as a
distance 500 meters. The srdf :Envelope spatial operation has as a result a new geometry, that
is the minimum bounding box of the input geometry.

Example 9. Spatial join. Select URIs of the hotspots that lies into a burnt area and do not have
reliability 100.

select 7HS
where {7HS rdf:type noa:Hotspot .
?HS noa:hasLocation ?7HSGEO .
?HS noa:hasReliability 7REL .
?BA rdf:type noa:BurntArea .
?BA noa:hasGeometry 7BAGED .
filter(srdf:Contains (?BAGEO, 7HSGEQ) &&
7REL <> "100"~"xsd:double)}

Query result. The result of this query is displayed below.

7THS
ex:Hotspotl
ex:Hotspot2

This query uses the srdf:Contains spatial operation to select the hotspots that are located inside
a burned area. Afterwards, a standard SPARQL filter is used to select the hotspots that are not
‘certain’ based on their reliability.

We will now consider the dataset from the DLR use case that was presented in Section We
will consider three TerraSAR-X images, and one geographic region. For simplicity, for each image
we represent the start and end date of its acquisition, the geographic coverage of the image , and a
unique identifier. The geographic region represents a region in Germany along with its land cover.
Notice that this sample dataset is very simplistic as many properties are omitted and a cartesian
coordinate system is used for encoding the coordinates of the geometric objects. We use the prefix
ex for the namespace of an example ontology.
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clc:Forest rdf:type rdfs:Class .
clc:ConiferousForest rdf:type rdfs:Class .
clc:ConiferousForest rdfs:subClassOf clc:Forest .

ex:imagel
a dlr:TSX1;
dlr:hasStartDate "2011-01-10T05:03:07"~"xsd:dateTime;
dlr:hasEndDate "2011-01-10T05:03:09"~"xsd:dateTime;
dlr:hasGeometry
"POLYGON((2 3,3 3,3 2,2 2,2 3));urn:cartesian"~"srdf:geometry;
dlr:Id "1"~~xsd:decimal .

ex:image2
a dlr:TSX1;
dlr:hasStartDate "2011-01-17T16:48:58"~"xsd:dateTime;
dlr:hasEndDate "2011-01-17T16:49:00"~"xsd:dateTime;
dlr:hasGeometry
"POLYGON((1 3,2 3,2 2,1 2,1 3));urn:cartesian"~"srdf:geometry;
dlr:Id "2"""xsd:decimal .

ex:image3
a dlr:TSX1;
dlr:hasStartDate "2011-01-20T05:17:00"""xsd:dateTime;
dlr:hasEndDate "2011-01-20T05:17:01"~"xsd:dateTime;
dlr:hasGeometry
"POLYGON((1 2,2 2,2 1,1 1,1 2));urn:cartesian"~"srdf:geometry;
dlr:Id "3""~"xsd:decimal .

ex:Regionl
a dlr:Region;
dlr:hasCorinelLandCoverUse clc:ConiferousForest;
dlr:hasGeometry
"POLYGON((1 2.5,1 4,3 4,3 2.5,12.5)) ;urn:cartesian"~"srdf:geometry;
dlr:hasGid "1"~"xsd:decimal .

Example 10. Find the URIs and the geometries of TerraSAR-X images that overlap with a user
specified area, and their acquisition time lies inside a user specified time period.

select 7H srdf:AsText(?HGEQ) as 7RGEO
where {7T rdf:type dlr:TSX1
?T dlr:hasGeometry 7TGEO .
?T dlr:hasStartDate ?TSD .
?T dlr:hasEndDate 7TED .
filter (srdf:0Overlaps(srdf:Envelope(srdf:Buffer(
"POINT(2 2);urn:cartesian"~~srdf:geometry,1)), 7TGED) &&
"2011-01-01T00:00:00"""xsd:dateTime < ?TSD &&
"2011-01-01T00:00:00"~"xsd:dateTime > ?TED)

Query result. The result of this query is displayed below.

Essentially this captures the user interaction with the EOWEB interface, that is, the action of
choosing a rectangle area, a time period, and performing a search on TerraSAR-X products for
this configuration.
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R TRGEO

ex:imagel | "POINT(2.5 2.5);urn:cartesian"~"srdf:geometry
ex:image2 | "POINT(1.5 2.5);urn:cartesian"~"srdf:geometry
ex:image3 | "POINT(1.5 1.5);urn:cartesian"~"srdf:geometry

This query uses the srdf :Buffer spatial operation which involves a spatial object and a distance.
The result of this spatial operation is a new geometry that contains all the points at the specified
maximum distance along the spatial object that was given as an input. The srdf:Envelope
spatial operation has as a result a new geometry, that is the minimum bounding box of the input
geometry. Finally, the srdf:0verlaps functions checks whether the geometry constructed by the
srdf :Buffer and srdf:Envelope functions “spatially overlaps” the image geometry.

Example 11. Find the URIs and the geometries of images that overlap a user specified area, have
an acquisition time that lies inside a user specified time period, and overlap a forest.

select 7H 7HGEOD
where {7T rdf:type dlr:TSX1
?T dlr:hasGeometry ?7TGEO .
?T dlr:hasStartDate ?TSD .
?T dlr:hasEndDate 7TED .
7R rdf:type dlr:Region .
7R dlr:hasGeometry 7RGEO .
7R dlr:hasCorinelLandCoverUse clc:Forests .
filter (srdf:0Overlaps(srdf:Envelope (
srdf :Buffer ("POINT(2 2);urn:cartesian"~"srdf:geometry,
1)), ?TGED) &&
"2011-01-01T00:00:00"""xsd:dateTime < ?TSD &&
"2011-01-01T00:00:00"~"xsd:dateTime > ?TED &&
srdf:0verlaps (?RGEO, 7TGEQ))

Query result. The result of this query is displayed below.

R TRGEO
ex:imagel | "POINT(2.5 2.5);urn:cartesian"~"srdf:geometry
ex:image2 | "POINT(1.5 2.5);urn:cartesian"~"srdf:geometry

This query is similar to the query we presented in Example [I0] In this query, we additionally
request that the geometry of the image overlaps the geometry of a region that is a forest.

4.4 Summary

In this chapter we presented the data model sSRDF++ and the query language sSPARQL++ which
are new versions of the data model sSRDF and the query language sSPARQL. We extended RDF and
SPARQL so that OGC standards such as WKT and GML can also be used for the representation
of geospatial data (instead of just linear constraints). Our approach resembles OGC proposals
regarding how to use SQL to query geographic features [OGCI0d| as they have been adopted by
commercial RDBMs. In this way, we expect that sSRDF+-+ and sSPARQL-++ will be adopted
more easily by applications such as the ones that are represented in TELEIOS.
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Our work also resembles the recent OGC proposal GeoSPARQL discussed in [OGCI0b|. Both
approaches represent geometric objects as spatial literals and may be encoded in various formats
like GML, KML, WKT etc. In our approach, basic spatial functions (e.g., isEmpty), spatial
predicates (e.g., Overlaps), and functions that support spatial analysis (e.g., Buffer) are all
mapped to extension functions (as defined in standard SPARQL) that may be used in the select
part or the filter part of a query. In GeoSPARQL, basic spatial functions and spatial predicates
are mapped to RDF properties. Spatial predicates and functions that support spatial analysis
are mapped to extension functions that may be used in the filter part of a query. The ability
to have basic spatial predicates as RDF properties in GeoSPARQL allows GeoSPARQL to be
easily combined with other representational frameworks for example OWL2 rules that formalize
qualitative spatial reasoning so that more expressive applications can be written (see the discussion
of GeoSPARQL in Section . We plan to add similar functionality to our language in the future
but not before our work on qualitative spatial reasoning presented in the following chapter has
been completed. The results of this work will determine the details. For this reason, We plan
to participate in the activities of the relevant OGC working group so that TELEIOS results are
disseminated to this community and vice versa.
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5. Going Beyond sRDF and sSPARQL: Reasoning
with Qualitative Spatial Information

In this chapter we show how to extend the SRDF and sSPARQL framework that we have developed
in [KK10] so that we have the ability to represent, query and reason with qualitative spatial
relationships represented by constraints. The representation of qualitative spatial relationships
using constraints has been studied for quite some time in the area of Spatial Reasoning [RN07|. In
this chapter we show how to integrate spatial information expressed by constraints together with
sRDF data, and query it using an extension of sSSPARQL.

In the proposed extension of sSRDF, which we call sRDF', we use a new kind of literals to represent
spatial regions about which the known information is incomplete or indefinite (e.g., region A is
inside a known rectangle R but we do not know its exact geographic location, or region A is north of
region B and it overlaps region C, but we do not know anything else about it, etc.). In the general
case, such incomplete or indefinite information is expressed in terms of disjunctive qualitative spatial

R EN1Y

constraints representing size (e.g., “large”, “small”), direction (e.g., “right of”, “above”), distance
(e.g., “far”, “near”), shape (e.g., “convex”) or topology (e.g., “overlaps”, “contains”) of spatial objects
[RN07]. sRDF! is essentially an extension of sSRDF in the spirit of indefinite constraint databases

developed by the NKUA group in the past [Kou94d, [Kou94b, [Kou97|.

We choose to extend sRDF and sSPARQL instead of sSRDF++ and sSPARQL++, since we already
have a formal framework for the former, and this makes most of the theoretical developments of this
chapter easier. Carrying out the same developments in the context of sSRDF+-+ and sSPARQL++
is then straightforward.

Let us recall that the only kind of spatial data that can be represented in the model SRDF presented
earlier is exact geometries (e.g., a hotspot is represented as a point in Q? or the extension of a
burnt area is represented as a polygon). However, EO applications such as the ones we consider
in the two TELEIOS use cases often need the representation of qualitative spatial information as
well. This issue has not been discussed in Chapter [2] so we will now give some concrete examples
to motivate our developments.

5.1 Qualitative spatial information in the two use cases

The examples of this section allow us to introduce some features of SRDF!. Detailed developments
start in Section We start with an example from the NOA use case.

As we have explained in Section [2.2] the MSG SEVIRI instrument has medium resolution, there-
fore each image pixel representing a hotspot in the FMM-1 product corresponds to a 3km by 3km
rectangle in geographic space. In Section we have explained that the FMM-1 product repre-
sents hotspots as points in geographic space using the center of the corresponding rectangle. This
has led us to write queries accordingly so that the “3km by 3km” resolution is taken into account

(e.g., Query 2 in Section [2.2.4]).

In this case, another useful representation of the real world situation that corresponds to a hotspot
would be to state that there is a geographic region with unknown exact coordinates where a fire is
taking place, and that region is included in a known 3km by 3km rectangle. This is captured by
the following triples and constraints in sSRDF! that introduce the hotspot, the fire corresponding
to it and the region corresponding to the fire. This region (_regioni) is a new kind of literal,
called an unknown literal, which is asserted to be inside the rectangle formed by the points (0, 0)
and (3000, 3000) on Q? (this specific rectangle is chosen for the sake of the example).

D2.1 A data model and query language for an extension of RDF with time and space 70



TEL E;l@"

TELEIOS FP7-257662

noa:hotspotl rdf:type noa:Hotspot .
noa:firel rdf:type noa:Fire .
noa:hotspotl noa:correspondsTo noa:firel
noa:firel noa:occuredIn _regionl

_regionl NTPP “x > 0Ax <3000Ay>0Ay<3000" .

Unknown literals are like existentially quantified variables in first-order logic. However, we have
chosen to distinguish them from blank nodes to emphasize their “literal nature”. By convention,
identifiers for unknown literals in sRDF' always start with an underscore. In the above example,
NTPP is the “non-tangential-proper-part” relation of RCC8 [CCR93].

Imagine that, later on, when fire noa:firel is validated, NOA would like to annotate the relevant
hotspot, validated fire and burnt area with information from news sources available on the Web
that have reported the corresponding fire (such news information can actually be one way to vali-
date the fire). As an example, information related to noa:firel obtained from a regional Greek
newspaper available on the Web might say that “there was a fire north of the village of Zoniana
in the Prefecture of Rethymno, Crete”. In this case NOA might choose to produce the following
annotation which mixes the qualitative spatial information discovered from the newspaper with
information that corresponds to the relevant administrative regions of Greeceﬂ

noa:firel rdf:type noa:ValidatedFire .
noa:firel noa:hasBurnedArea _region2 .

kal:Zoniana rdf:type kal:Community .
kal:Mylopotamos rdf:type kal:Municipality .
kal:Rethymno rdf:type kal:Prefecture .

kal:Zoniana kal:occupies _region3 .
kal:Mylopotamos kal:occupies _regiond .
kal:Rethymno kal:occupies _regionb .

kal:Zoniana kal:part0Of kal:Mylopotamos .
kal:Mylopotamos kal:partOf kal:Rethymno .

_region3 NTPP _region4d .
_region4 NTPP _region5 .

_regionl northOf kal:Zoniana .
_region2 north0f kal:Zoniana .

The above triples introduce the burnt area corresponding to noa:firel and some details related
to the administrative geography of Greece as defined by the recent “Kallikratis Plan’ﬂ Direction
relationships such as northOf are surveyed in [RNQ7|. Since there is already work in encoding
the administrative geography of countries e.g., the UK [GDHO08| in terms of qualitative spatial
constraints such as the ones we used above, we expect that such annotations can be a useful source
of information in both TELEIOS use cases. This is stressed by the fact that currently much of

1 Developing software that harvests spatial information from the Web is not part of the TELEIOS work pro-
gramme. See the paper |[PCJT07| for relevant work in Geographic Information Retrieval.
2 http://en.wikipedia.org/wiki/Administrative_divisions_of_Greece
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this information is or will become available as public open data in portals of the relevant European
governments (e.g., see the geodata portal of the Government of Greec@.

Now let us consider an example from the DLR use case. Imagine that during an environmental
emergency, the Center for Satellite-based Crisis Information (ZKI) of DLR has processed various
TerraSAR-X images using the image mining methods of work package “Knowledge discovery from
EO images” (WP3) of TELEIOS, and determined a large flooded area that extends over two
adjacent administrative regions of a certain country (e.g., Romania). ZKI might want to represent
this qualitative spatial information as an annotation to the damage assessment map that will be
produced by encoding it in SRDF! as follows:

_regionl rdf:type dlr:FloodedArea .

_region2 rdf:type ex:AdministrativeRegion .
_region3 rdf:type ex:AdministrativeRegion .

_region2 EC _region3 .
_regionl PO _region2 .
_regionl NTPPi _region3 .

The above triples introduce three unknown regions regionl, region2 and region3 that cor-
respond to the flooded area and the two administrative regions of Romania respectively. The
qualitative spatial relations EC, PO, NTPPi used in the above constraints are the relationships “ex-
ternally connects”, “partially overlaps” and “non-tangential proper part inverse” of RCC8 [CCR93].
Naturally, more information about the administrative geography of Romania could also be added

as in the previous example from the NOA use case.

Let us now continue with our technical developments. The next two sections define constraint
languages that allow us to express some kinds of qualitative spatial information that we envision
to be useful in the two use cases, and define some properties of these languages that are important
for defining SRDF'.

5.2 Constraint Languages

In this chapter, we will consider (many-sorted) first-order languages, structures and theories
[End72] that allow us to capture qualitative spatial relations. Every language £ will be inter-
preted over a fized structure, called the intended structure, which will usually be denoted by M.
If M is a structure then Th(M ) will denote the theory of M, i.e., the set of sentences of £ which
are true in M. For every language £, we will distinguish a class of quantifier free formulas called
L-constraints. The atomic formulas of £ will be included in the class of L£-constraints. There will
also be two distinguished L-constraints true and false with obvious semantics. Similar assumptions
have been made in the context of related frameworks such as the constraint logic programming
[Mah93|, constraint databases [KKR90] and the indefinite constraints [Kou94cl, [Kou94bl [Kou97].
A set of L-constraints will be the algebraic counterpart of the logical conjunction of its members.
Thus we will freely mix the terms “set of L-constraints” and “conjunction of L-constraints”. We
will assume that the reader is familiar with the notions of solution, consistency and equivalence of
sets of constraints [Mah93)|.

Let us now give some examples of spatial constraint languages that we would like to study in
TELEIOS.

Shttp://geodata.gov.gr
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The language TCL. The language TCL (Topological Constraint Language) allows us to rep-
resent topological properties of non-empty, regular closed subsets of Q? (we will call these subsets
regions for brevity). We prefer to have Q? instead of R? as our set, since in an implementation,
relevant information will be represented by floating point numbers. Thus, rational numbers are the
closest abstraction. TCL is a first-order language with the following 6 binary predicate symbols:
DC,EC,PO,EQ,TPP and NTPP. An atomic formula of TCL is a formula of the form r; R ry,
where 71,79 are variables and R is one of the above predicates. A TCL-constraint is a disjunc-
tion of atomic formulas of TCL involving the same two variables. For example, the following are
TCL-constraints:
1 NTPP Tro, T2 PO T3 V ro EQ T3

In TCL and all other languages of this section, we also assume the existence of constraints true
and false with obvious semantics.

The intended structure for TCL, denoted by My, has the set of regions as its domain, and
interprets each of the predicate symbols given above by the corresponding topological relation of
RCC-8 [RCCI2b| shown in Table of Section Note that relations NTPPi and TPPi of
RCC-8 are not included in the vocabulary of TCL since they can be expressed by interchanging
the arguments of NT PP and TPP.

The language TCL allows us to capture the topology of regions of interest to an application but
makes no commitment regarding other non-topological properties of these regions, e.g., shape.
The languages PCL and RCL considered below deal with regions with specific shapes (polygons
and rectangles respectively) that are useful for encoding the geospatial data sets considered in
TELEIOS.

The language PCL. The language PCL (Polygon Constraint Language) allows us to represent
topological properties of polygons in Q2. TCL is a first-order language with the same 6 predicate
symbols as TCL, but also constant symbols representing polygons in Q2. From the two standard
notations for polygons (sequence of vertices or conjunctions of linear constraints), we choose to
write polygons using the constraint notation and include these constraints in quoteﬁ (e.g., “z <
1,z > 0,y < 1,y > 0" is a rather long constant that denotes the unit rectangle with lower-left
vertex (0,0)). The terms and atomic formulas of PCL are defined as follows. Constants and
variables are terms. An atomic formula of PCL is a formula of the form ¢; R ty where t1,ty are
terms and R is one of the above predicates. A PCL-constraint is a disjunction of atomic formulas
of PCL involving the same pair of terms. For example, the following are PCL-constraints:

r1 NTPP 7o\ 7y TPP 1y, 179 NTPP “c<1,2>0,y<1,y>0"

The intended structure for PCL, denoted by Mpcy,, has the set of polygons in Q? as its domain.
Mpc interprets each constant symbol by the corresponding polygon in Q2, and each of the
predicate symbols by the corresponding topological relation of RCC8 [RCC92b].

The language RCL. The language RCL (Rectangle Constraint Language) allows us to capture
spatial constraints (e.g., topological or directional) involving rectangles with sides parallel to the
axes in Q? (we will call them bozes). RCL is useful not only for modeling regions of space with such
rectangular shapes but also for modeling minimum bounding rectangles that are typically used as
approximations of spatial objects, e.g., in spatial data structures and elsewhere.

RCL is a first-order language with equality and 2 sorts: the sort Q for rational constants, and the
sort R for boxes. The set of non-logical symbols of RCL includes: all rational constants of sort

4We choose to live with this non-standard way of writing formulas in quotes without going into the details of
their syntax. This will not create any technical problems for us for the development of this chapter.
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Figure 5.1: Three boxes

Q, function symbols LL,(-), LL,(-),UR,(-),UR,(-) of sort (R, Q), and predicate symbol < of sort
(Q,9).

The terms and atomic formulas of RCL are defined as follows. Constants of sort @ and variables
of sort R are terms. If r is a variable of sort R then LL,(r), LL,(r),UR,(r) and UR,(r) is a term
of sort Q. An atomic formula of RCL is a formula of the form t; ~ t5 where ~ is < or = and ¢y, ¢,
are terms involving function symbols with the same subscript (z or y) or rational constants. = is
the equality predicate for sort Q; we will not use the equality predicate for sort R in our formulas.

The intended structure for RCL, denoted by M rcp, interprets each non-logical symbol as follows.
Each rational constant is interpreted by its corresponding rational number. The function symbols
LL,(-),LLy(-),UR5(-) and UR,(-) are interpreted by the easily-defined functions that given a box
in Q?, return the z- and y-coordinate of its lower-left and lower-right vertex respectively. Predicate
< is interpreted by the relation “less than” over Q.

A RCL-constraint is a RCL formula of the form ¢; ~ to where ~ is =, <, >, < or > and t1, ¢y are
terms (the predicates <, <, and > are defined as usual).

Example 12. The formulas
LL,(r2) < LLy(r1), URy(r1) < LLy(r2), URy(r1) < URz(r2)

LLI(TQ) < LLm(T3)7 LLy(Tg) < LLy(T3), URm(Tg) < URI(T2)7 URy(’I“:;) < URy(’I’Q)

are RCL-constraints. The conjunction of these constraints tells us that box r; is to the south of
box ro (first line) and box r3 is a non-tangential proper part of ry (second line). Three boxes
satisfying the constraints are depicted in Figure [5.1

The language TRCL. We also define the language TRCL which essentially extends TCL with
the ability to express a topological relation of a region with a box in Q2. TRCL has 2 sorts: the
sort of regions R and the sort of boxes B. In TRCL, we only allow constants of sort B. These
constants are written using order constraints of the form = < ¢,z > ¢,y < ¢ and y > ¢, where ¢
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is a rational constant. An example of such a constant is “z > 0 Az < 3000 Ay > 0 Ay < 30007
We assume that the order constraints defining these constants are in normal form, i.e., there are
exactly four constraints, two on variable x and two on variable y defining a box in Q2 in the obvious
way.

The atomic formulas of TRCL are the ones allowed by TCL but we also allow constants of sort B
to appear in these formulas, e.g., + NTPP “x > 0Axz < 3000Ay > 0Ay < 3000”. The rest of the
formal definition of TRCL is obvious, so we omit it for brevity.

The above four languages have been defined so that the reader can appreciate the scope of modeling
possibilities for geospatial applications like the ones studied in TELEIOS. Obviously, many more
possible languages can be defined depending on the richness of spatial information that one would
like to represent. There is a well-known trade-off among the expressivity of a given language and
its computational properties. This is something that we explore briefly in the following section.

5.3 Satisfiability and Validity

In the literature of constraint satisfaction and spatial reasoning, the most important decision
problem studied for languages such as TCL, PCL, RCL, and TRCL is deciding whether a formula
in these languages is satisfiable or valid. The most important known results in this area are the
following.

Results for TCL. The validity problem for arbitrary formulas of TCL is undecidable [Grz51]
Dor98]. The satisfiability problem for conjunctions of TCL-constraints is NP-complete but there
are tractable subcases [GPP95] [RN99]. There have been implemented algorithms that determine
the satisfiability of conjunctions of TCL-constraints. For the general case, these are backtracking
algorithms [RNO1], while for the tractable cases these are algorithms relying on path consistency
for the corresponding constraint networks [RN99, RNO7].

There are also interesting results on related spatial logics that consider more expressive languages
with connectedness predicates, Boolean algebra operators for forming new regions, etc. [KPHZI0].

Results for PCL. The validity problem for arbitrary formulas of PCL is also undecidable
[Dor98|. The satisfiability problem for conjunctions of PCL-constraints is also NP-hard since
restricting our attention to polygons does not change the difficulty of the problem. This particular
restriction of regions to be polygons has not been studied in the literature and no detailed com-
plexity results or algorithms are known. [LL10] is a recent paper that studies binary topological
relations among convex planar regions.

Results for RCL. Reasoning in RCL is easier than in the previous two languages. The restricted
syntax of RCL allows us to reason about boxes by considering the constraints involving functions
with a subscript z and functions with a subscript y independently. It is easy to see that the
validity problem for arbitrary formulas of RCL is in PSPACE. The result follows from the results
of Koubarakis on similar language of points and intervals [Kou94a]. The satisfiability problem for
conjunctions of RCL-constraints can be solved in PTIME using well-known results from the Point
Algebra [VKvB89l [Kou06].

One could similarly define another language, let us call it RCL*, that has rectangles in Q2 as
constants, variables ranging over boxes and the 13 x 13 basic binary relations from the Rectangle
Algebra studied by Balbiani and others [BCdC99, [PT97| as predicates. The validity problem in
RCL* can similarly be proved to be in PSPACE. The satisfiability problem for conjunctions of
RCL*-constraints is NP-complete but there are tractable subcases [BCAC99].
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Results for TRCL. The validity problem for TRCL is undecidable given the undecidability of
TCL. It is not difficult to say that the satisfiability problem for conjunctions of TRCL constraints
is NP-complete. No detailed complexity results or algorithms are known for this language.

From the above, it is easy to conclude that RCL and RCL* are first-order languages with better
computational properties than TCL, PCL, and TRCL. Computational issues will be revisited in
the conclusions of this chapter; further computational properties of TCL, PCL, RCL, and TRCL
will be studied in Deliverable D2.3 “Theoretical results on query processing for RDF/SPARQL
with time and space”.

5.4 Variable and Quantifier Elimination

We now define two operations that will be useful for the rest of our developments: variable elimi-
nation and quantifier elimination. Variable elimination is an algebraic operation; its logical coun-
terpart is quantifier elimination. We will now define these two notions and then use the one which
is more appropriate in each case. We will always assume that we have to deal with formulas of
finite length.

Notation 5.4.1. The vector of symbols (01,...,0,) will be denoted by 0. The natural number
n will be called the size of 6 and will be denoted by [6]|. This notation will be used for vectors of
variables but also for vectors of domain elements. Variables will be denoted by z,y, z, ¢, etc. and
vectors of variables by T, 7,7, ¢, etc. If T and y are vectors of variables then T \ 7 will denote the
vector obtained from T by deleting the variables in 3. If T and 7 are vectors of variables and every
variable in T is also contained in 7 then we will write T C i. If T is a vector of variables then 70
will be a vector of constants of the same size. The notation z° \ ° is similarly defined for vectors
of constants.

Definition 1. Let £ be a many-sorted first-order language. The class of L-constraints admits
variable elimination iff for every boolean combination ¢ of L-constraints in variables Z, and every
vector of variables Z C T, there exists a disjunction ¢ of conjunctions of £-constraints in variables
Z \ Z such that

1. If Z° is a solution of ¢ then z° \ 2° is a solution of ¢'.

2. If (z \ 2)° is a solution of ¢’ then this solution can be extended to a solution z° of ¢.

The following definition will also be useful.

Definition 2. Let £ be a many-sorted first-order language. The class of L-constraints is weakly
closed under negation if the negation of every L-constraint is equivalent to a disjunction of L-
constraints.

The following proposition, whose proof can easily be done by induction, shows that if the class
of L-constraints is weakly closed under negation then we can determine whether it also admits
variable elimination by considering only conjunctions of L£-constraints.

Proposition 5.4.1. Let L be a many-sorted first-order language. The class of L-constraints admits
variable elimination if

o it is weakly closed under negation, and

e for every conjunction 6 of L-constraints in variables T and every vector of variables Z C T,
there exists a disjunction 8" of conjunctions of L-constraints in variables T\ Z such that
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1. If 2° is a solution of O then T° \ 2° is a solution of ¢'.

2. If (x\ 2)° is a solution of 0' then this solution can be extended to a solution T° of 6.

The importance of this proposition is that it provides us with the following algorithm for eliminating
variables Z from a Boolean combination ¢ of L-constraints in variables T:

1. Transform ¢ into a formula where negation applies only to L-constraints (by applying De
Morgan’s laws and laws for negation).

2. Substitute every negated L-constraint by its equivalent disjunction of L-constraints.

3. Transform ¢ into disjunctive normal form 6; V --- V 6, where each 6; is a conjunction of
L-constraints.

4. Perform variable elimination in each 6;, i.e., substitute each disjunct 6; of ¢ by the equivalent
disjunction of conjunctions of L-constraints in variables T \ Z.

For this algorithm to be effective, we must know how to perform Steps 2 and 4. For most languages
of interest (e.g., TCL, PCL, RCL, or TRCL) step 2 will be obvious. Step 4 will be the challenging
step.

Let us give an example of a variable elimination algorithm which is well-known. Consider a set
(conjunction) of linear inequalities from the first-order language L7y of linear inequalities over
the rational numbers considered among others in our sRDF/sSPARQL paper [KKI10]. Variable
elimination for linear inequalities can be performed using the well-known Fourier’s algorithm which
can be summarized as follows [Sch86]. Any weak linear inequality involving a variable z can be
written in the form z < r, or x > r;, i.e., it gives an upper or a lower bound on x. Thus if we
are given two linear inequalities, one of the form x < r, and the other of the form = > r;, we can
eliminate = and obtain the inequality r; < r,. Obviously, r; < 7, is a logical consequence of the
given inequalities. In addition, any solution of r; < r, can be extended to a solution of the given
inequalities (simply by choosing for = any value between the values of r; and r,). Following this
observation, Fourier’s elimination algorithm forms all pairs = < r, and x > r;, eliminates = and
returns the resulting inequalities together with the inequalities that do not involve variable . If
pairs of the form x < r, and x > r; cannot be formed (e.g., because all inequalities involving = are
of the form = < r,), then all inequalities involving z are discarded and the remaining inequalities
are retained. The generalization of this algorithm to the case where we also have equalities and
strict inequalities is obvious.

The following is an example of variable elimination using Fourier’s algorithm.
Example 13. Eliminating variable x; from the set of inequalities
3 <1, 5 < X1, 1 — 302 +5%6 <2, my < a5

gives
T3 — 32y + 526 < 2, x5 —3x2 + 526 < 2, 24 < T5.

If we also eliminate variable x5, we get

T3 — 3T + dxg < 2, x4 — 329 + Ox6 < 2.

Let us now consider the languages and classes of constraints defined in Section [5.2]

Proposition 5.4.2. The class of RCL-constraints admits variable elimination and is weakly closed
under negation.
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The result is trivial concerning “weakly closed under negation”. Regarding variable elimination, we

give an example instead of the easy formal proof.

Example 14. Let us consider the following set of RCL-constraints taken from Example

LLx(TQ) < LLw(T1)7 URy(Tl) < LLy(’I’Q), URx(T’l) < URx(Tg)

LLQC(’I“Q) < LLw(Tg), LLy(’I“Q) < LLy(Tg,), URZ(Tg) < URQJ(T‘Q), URU(’I“?,) < URU(

We would like to eliminate variable ro. We will proceed in two steps.

T2)

First, we introduce the

implicit constraints that capture the relationships between the z- and y-coordinates of each box.
The given set of constraints is now transformed into the following equivalent set of order constraints:

LL,(r2) < LLy(r1), URy(r1) < LLy(r2), URy(11) < UR(r2)

LL,(ry) < LLy(r3), LLy(re) < LLy(r3), URy(rs) < UR4(r2), UR,
LL,(r1) < URg(r1),LLy(r1) < URy(r1)
LLy(re) < UR(r2), LLy(r2) < URy(r2)
LL,(rs) < URy(r3), LLy(rs) < URy(r3)

We now treat terms as variables and use Fourier elimination for eliminating the term LL,(

get:

(’I"3) < URy (7"2

LLy(ry) < LLy(r1), URy(r)<FL, (1), URy(r1) < URy(rs)

LL,(re) < LL,(r3), LLy(r o(r3), URL(r3) < URg(r2), UR,

)
LLy(r1) < URy(r1), LLy(r1) < URy(r1)
LL,(r2) < URy(re), LLy(r 2 (2)
LLy(r3) < URy(rs), LLy(r3) < URy(rs)
URy(r1) < LLy(rs)
URy(r1) < URy(r2)

If we also eliminate the terms LL,(r2), UR,(r2), and UR,(r2), we get:

LL (r 2(r1), UR.(r 2(T2)
LL,(r 2(r3), UR.(r = (r2), URy(r
LL$(7“1) < URx(’I“l),LLy(Tl) < URy(Tl)
LL,(r 2 (2)

LL,(r3) < URy(r3), LLy(rs) < URy(rs)
URy(Tl) < LLy(’I“g,)
UR,(r y(r2)

(7'3) < URy(TQ

y(r2)

)

)

r9) and

From this set of constraints and by removing the implicit constraints, we get the single constraint:

URy(Tl) < LLy(T’g)

Inspecting now the above constraint in relation to Figure [5.1] we observe that all constraints
between boxes 11, 3 and boxes ro, 73 have been ruled out (due to the fact that we chose to eliminate
variable r2), while a new one has been introduced (the above) that preserves the property between

r1 and r3 (i.e., 71 is south of r3).
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Let us now consider elimination of quantifiers.

Definition 3. Let Th(L) be the theory of language £. Th(L) admits elimination of quantifiers iff
for every formula ¢ there is a disjunction ¢’ of conjunctions of L-constraints such that Th(L) =

p=d.

This definition is stronger than the traditional one where ¢’ is simply required to be quantifier-free
[End72]. We require ¢’ to be in the above form because we do not want to deal with negations of
L-constraints.

Proposition 5.4.3. The language RCL admits quantifier elimination.

Proof. Let us assume that ¢ is a formula of RCL. The standard algorithm to eliminate quantifiers
proceeds by computing the prenex normal form form of ¢ and then eliminating quantifiers starting
from the innermost one. Eliminating quantifier (Qz) from (Qx)6, where 6 is quantifier-free can
be done by transforming 6 in disjunctive normal form and then eliminating variable x from each
disjunct. The result now follows from Proposition [5.4.2} O

Unfortunately, the other three languages we discussed in Section do not admit quantifier
elimination. This is easy to see since they are both undecidable; if they would admit quantifier
elimination, then we would immediately have a decision procedure for these languages. Bennett
has discussed the issue of quantifier elimination in TCL in [Ben97].

Proposition 5.4.4. The languages TCL, PCL, and TRCL do not admit quantifier elimination.

Thus, as with the computational complexity properties discussed in Section [5.3], RCL is more
“well-behaved” than TCL and PCL with respect to variable and quantifier elimination.

We have now presented the concepts necessary for the understanding of spatial constraints and
spatial constraint languages. In the next section we show how sRDF graphs as defined in [KKI0]
and constraints from a language such as TCL, PCL, RCL, and TRCL defined above allow us to
query qualitative spatial information in the Semantic Web in general and the TELEIOS use cases
in particular.

5.5 The model sRDF!

As in theoretical treatments of RDF [PAGQ6], we assume the existence of pairwise-disjoint count-
ably infinite sets I, B and L that contain IRIs, blank nodes and literals respectively. We also
assume the existence of a set C of spatial literals. We will not consider arbitrary semi-linear sets
as spatial literals, as in [KK10]. Instead, C is the set of all boxes in Q? written in the normal form
of Section (eg,“c>0ANz<1Ay>0Ay <1"). In standard RDF terminology, the elements
of C' are typed literals with datatype srdf:Box. We will call these literals spatial to distinguish
them from other RDF literals.

Technically, this choice of geometry for spatial literals is necessary since, as you will see below,
we will use the language TRCL to express qualitative spatial constraints. The fact that the only
constants of TRCL are boxes in Q? determines the constants (i.e., spatial literals) that we can
allow in triples.

In sSRDF! we assume the existence of one more countably infinite set disjoint from all the above:
the set U of unknown spatial literals. By convention, the identifiers of unknown spatial literals will
start with an underscore, e.g., _region5. The set of SRDF' terms will be denoted by T and is the
union JUBULUCUU.
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We now define the basic concepts of sSRDF': triples, constraint stores, graphs and databases.
Triples in sRDF' are as in sSRDF but now unknown spatial literals are also allowed in the object
position. Constraint stores are simply Boolean combinations of constraints. The combination of a
graph and a constraint store is called database.

Definition 4. An sRDF' triple is an element of the set (I UB) x I x (IUBULUCUU). If
(s,p,0) is an sSRDF" triple, s will be called the subject, p the predicate and o the object of the triple.

The theory of sSRDF! can be developed using any of the languages TCL, TPCL, RCL, TRCL.
However, the properties of each one of these languages determine how rich the theory of sRDF!
will be. We will use the language TRCL in the rest of this section since this language is expressive
enough to cover our examples from the use cases. We will discuss some of the relevant issues
regarding the choice of constraint language in the conclusions of this chapter.

Definition 5. A constraint store is a Boolean combination of T RC L-constraints.

Example 15. The following is a constraint store:
_regionl NTPP “c>0Az <3000Ay>0Ay < 3000”

Definition 6. An sRDF! graph is a set of SRDF! triples. An sRDF! database D is a pair D =
(G, ¢) where G is an sSRDF' graph and ¢ is a constraint store.

Example 16. The following set of triples comprises an sSRDF! graph from the example from the
NOA use case in Section (namespaces are omitted for brevity):

{(hotspotl, type, Hotspot), (firel,type, Fire),

(hotspot1, correspondsTo, firel), (firel,occuredIn, regionl)}

Together with the constraint store of Example they define an sRDF' database.

5.6 Evaluating sSPARQL on sRDF' databases

Let us now discuss how to evaluate sSSPARQL queries on sRDF! databases. We will see that due to
the presence of unknown literals, query evaluation now becomes more complicated and is similar
to query evaluation in databases with marked null values [IL84] [Gra91]. In fact, since the language
used to express constraints in sSRDF! is tightly connected to the kind of queries that can be answered
precisely, we will consider a subset of SSPARQL. The exact details will be given later in this section.
We will use the algebraic syntax of sSSPARQL used in [KK10]. Once our theoretical development
of sSRDF! is complete in Deliverable 2.3, we will introduce in sSSPARQL+ -+ appropriate syntax for
dealing with indefinite spatial information.

We assume the existence of the following disjoint sets of variables: (i) the set of non-spatial variables
Vis that will be used to denote IRIs, blank nodes or RDF literals, and (ii) the set of spatial variables
Vs that will be used to denote spatial literals from the sets C' (known) or U (unknown). We use
V' to denote the set of all variables V,,; U Vs. The set V is assumed to be disjoint from the set of
terms T' we defined in Section

We first define a concept of mapping appropriate for our task by extending the definition of [KK10)].
To be able to deal with unknown spatial literals, mappings are now equipped with a constraint
part and they become conditional.

Definition 7. A mapping p is a pair (v,0) where:
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e v is a partial function v:V — T such that v(z) e IUBUL ifx € V,,5 and v(z) € CUU if
z e V.

e 0 is a conjunction of atomic TRCL formulae.
Example 17. The following are mappings:
p1 = ({7F — firel, 7S = “oe > 1Ax<2Ay> 1Ay <2"}, true)
p2 = ({?7F — firel, 7S — regionl}, regionl NTPP “z>0Ax<10Ay>0Ay <10")
pus = ({?F — firel, 7S — regionl},
(_regionl NTPP _region2) A (_region2 DC “z >0Axz<1Ay>0Ay<1"))

The notions of domain and restriction for a mapping are now defined as follows.

Definition 8. The domain of a mapping u = (v,0), denoted by dom(u), is the subset of V where
the partial function v is defined.

Definition 9. Let = (v,0) be a mapping with domain S and W C S. The restriction of the
mapping p to W denoted by pjw is the mapping (vjw, 0) where vy is the restriction of the partial
function v to W.

We now define what it means for a mapping to be applied to a triple pattern.
Definition 10. For a triple pattern p, we denote by var(p) the variables appearing in p.

Definition 11. Let p = (v,60) be a mapping. For a triple pattern p, we denote by u(p) the triple
obtained from p by replacing each variable x € var(p) Ndom(u) by v(z).

We now introduce the notion of compatible mappings as in [PAG06].

Definition 12. Two mappings u1 and ps are compatible if for all x € dom(p1) N dom(pue) we
have v1(x) = va(z).

Example 18. Mappings p1 and po from Example [17] are not compatible, while mappings po and
3 are.

To take into account unknown literals, we also need to define another notion of compatibility of
two mappings.

Definition 13. Two mappings u1 = (v1,61) and py = (va,62) are possibly compatible if for all
x € dom(p1) Ndom(pe), we have vi(x) = va(x) or at least one of vi(x), va(x) is an unknown literal
from U.

Example 19. Mappings p1, g2, and ps from Example [I7] are pairwise possibly compatible.

If two mappings are possibly compatible, then we can define their join as follows.

Definition 14. Let p; = (v1,601) and pe = (v2,02) be possibly compatible mappings. The join
puiXps is a new mapping (vs,03) where:

i. v3(x) = vi(x) = va(x) for each © € dom(u1) Ndom(usz) such that v1(x) = va(z).

it. v3(x) = vi(x) for each x € dom(p1) N dom(pe) such that vy (z) is an unknown literal and
vo(x) is a known literal.
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= wv(z) for each x € dom(u1) Ndom(uz) such that ve(x) is an unknown literal and
s a known literal.

1. v3(x

~

(z)
(z)
w. v3(z) = v1(z) for x € dom(pr)Ndom(pa) such that both vy (z) and vo(x) are unknown literals.
(x) = v1(x) for z € dom(u1) \ dom(pe).

(z)

vi. v3(x) = va(x) for x € dom(usz) \ dom(py).
vit. O3 is & N &a N\ €3 where:

— & is N\, _v; EQ _t;, where the _v;’s and _t;’s are all the pairs of unknown literals
vi(x) and vo(z) from Case (iv) above. If there are no such pairs, then & is true.

— & is 01 NN, _w; EQ I; where the _w;’s and ;s are all the pairs of unknown literals
vi(x) and known literals vo(x) from Case (ii) above. If there are no such pairs, then &
8 91.

— & is O NN, _w; EQ I; where the _w;’s and ;s are all the pairs of unknown literals
va(x) and known literals vi(x) from Case (iii) above. If there are no such pairs, then
53 18 02.

The predicate FQ used in the above definition is the equality relation of RCC-8.
Example 20. If yq and po are the mappings of Example then:
e = ({?F — firel,?S — _regionl},

true A _regionl NTPP “z>0Axz<10Ay>0Ay < 10"A
_regionl EQ ‘o >1Az<2Ay>1Ay<2")

For two sets of mappings €2 and €25, the operations of join and union are now defined as follows.

QX = {p1™Xps | p1 € Qq, pa € Qg are possibly compatible mappings}

QlLJQQ:{/L|IUE§2101‘[LEQQ}

The reader is invited to compare these definitions with the ones in [PAG06]. The new thing in
sRDF! is that due to the presence of unknown spatial literals, we have to anticipate the possibility
that two mappings from €; and s are compatible. We anticipate these cases by adding relevant
constraints to the constraint part of a mapping.

We can now define the result of evaluating a graph pattern over an sRDF! graph. The definitions
are essentially the same as in [KK10] (only the first case is slightly different).

Definition 15. Let D = (G, ¢) be an sSRDF' database over T, p a triple pattern and Py, Py graph
patterns. Ewvaluating a graph pattern P over database D is denoted by [[P]lp and is defined as
follows:

1. ([pllp = {u = (v, true) | dom(p) = var(p) and u(p) € G}.
2. [[(Pr AND P)]]p = [[PA]]pX[[P]]p
3. [[(Pr UNION R)]lp = [[P]lp U[[P]]p
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Example 21. Let us now give an example of an evaluation of graph pattern Py AND Py over the
database D ofExample where Py, Py are the triple patterns (T F, type, Fire) and (?F, occuredIn,?R)
respectively. According to the above definition, we have:

[[(PL AND P,)]]p = [[PA]lpX[[P2]]p =

[[(?F, type, Fire)||pX[[(?F, occuredIn,?R)]|p =
{({?F — firel}, true)}}X{({?F — firel,’R — _regionl}, true)} =
{({?F — firel,?’R — _regionl},true)}

As we have explained in the introduction of this chapter, we will consider a simpler version of
sSPARQL. As you can see from the following definition, we have simplified the notion of spatial
term and do not consider any of the complex functions such as MBB, AREA, etc. that sSSPARQL
has.

Definition 16. A spatial term is a known spatial literal from the set C' or an unknown spatial
literal from the set U, or a spatial variable from the set V.

The evaluation of filters involving TRCL-constraints can now be defined as follows. Notice that the
evaluation imposes extra constraints on the mappings that have already been computed. The eval-
uation of other kinds of filters involving non-spatial variables is as in standard SPARQL [PAGO6].

Definition 17. Given an sRDF' database D = (G, ¢) over T, a graph pattern P and an atomic
TRCL-constraint R, we have:

[[P FILTERR]|p ={i/ = v,0") | p = (v,0) € [[P]]p and 0" is 6 A R'}

In the above formula, R’ is an TRCL-constraint obtained from R by substituting each variable x
by v(z), R does not contain ground atomic formulas that are not satisfied by Mz .., , and all the
ground atomic formulas of R’ that are satisfied in Mg, have been eliminated.

Example 22. Based on the evaluation of the graph pattern of Example the evaluation of the
graph pattern (P1 AND P,) FILTER R), where R is the TRCL-constraint (R NTPP “z >
100 Az <1000 Ay > 100 Ay < 1000”), is the following:

[[((PL AND P,) FILTER R]|p = [[((?F, type, Fire) AND (?F,occuredIn,?R))

FILTER (?R NTPP “z > 100 Az <1000 Ay > 100 A y < 1000")]]p =
{({?F — firel,?’R — _regionl}, regionl NTPP “z > 100 Az < 1000 Ay > 100 Ay < 1000")}

The next definition defines the concept of an sSSPARQL query.

Definition 18. An sSPARQL query is a pair (W, P) where W is a set of spatial and non-spatial
variables and P is a graph pattern.

Example 23. Let us consider the following query over the database of Example[I6} “Find all fires
that have occurred in a region which is a non-tangential proper part of the box defined by the
points (100, 100) and (1000, 1000)”.

In the algebraic syntax of sSSPARQL we consider in this chapter, this query can be expressed as
follows:
({?F}, {(?F,type, Fire)} AND {(?F,occuredIn,?R)} AND

FILTER (7R NTPP “z > 100 Az <1000 Ay > 100 A y < 1000"))
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The next definition defines the notion of answer to an sSSPARQL query. Notice that in contrast to
sSPARQL queries over sRDF graphs, sSSPARQL queries over sRDF! databases have answers that
consist of conditional mappings so they might be hard to understand.

Definition 19. Let g = (W, P) be an sSPARQL query. The answer to q over a database D = (G, ¢)
is the set of mappings {pw | 1 € [[P]]p}.

Example 24. The answer to the query from Example 23] can be obtained from the evaluation of
the respective graph pattern from Example The answer is a set that contains only the following
mapping:

({?F — firel},

_regionl NTTP “z > 100 Ax < 1000 Ay > 100 Ay < 1000")

This answer is conditional. Because the information in the database of Example is indefinite
(the exact geometry of _regionl is not known), we cannot say for sure whether firel satisfies the
requirements of the query. These requirements are satisfied under the condition given in the above
mapping.

It is easy to see how we can simplify the answer to a query ¢ over database D = (G, ¢) using
the constraints involving unknown literals in the constraint store ¢. There are two things that
we can do. The first is to remove from the answer mappings u = (v,6) where 6 is a conjunction
which contains a constraint o such that ¢ |= —o. The second thing that we can do is simplify the
conjunction 6 of a mapping u = (v,6) by deleting constraints o such that ¢ = 0. Of course, this
simplification step can also be performed in some intermediate step of query evaluation and not
just at the end, when the final answer has been computed.

5.7 Certainty queries

Let us consider the query of Example 23] again. If we rephrase it to “Find fires that have certainly
occurred in a region which is a non-tangential proper part of the box defined by the points (100, 100)
and (1000, 1000)”, then firel does not satisfy the query.

To be able to express such queries the notion of possible world [Kri63] is needed. A set of possible
worlds can capture all the different states the world can be given the indefinite information in a
database. These issues have been studied in detail in the literature of incomplete information in
relational databases [IL84l [Gra91] and we will take our methodology from these works.

Thus, an sRDF! database D = (G, ¢) represents a set of possible SRDF graphs each one corre-
sponding to a possible state of the real world. This set of possible graphs captures completely the
semantics of an sSRDF! database. The constraint store ¢ determines the number of possible SRDF
graphs represented by D; there is one sRDF graph for each solution of ¢ obtained by considering
the unknown literals of ¢ as variables.

The following example illustrates our discussion.

Example 25. Let D = (G, $) be the sSRDF! database given in Emamples and |16, The database
D mentions a hotspot, which is located in a region, which is inside but does not intersect with
the boundary of the box defined by the points (0,0) and (3000,3000). The same knowledge can be
represented by an infinite set of possible sSRDF graphs, one for each region inside the box defined
by the points (0,0) and (3000,3000). Two of these graphs are:

G1 = {(hotspotl, type, Hotspot), (firel,type, Fire), (hotspotl,correspondsTo, firel)
(firel,occuredIn, “x > 1Az <1000 Ay > 1 Ay < 10007)}

G2 = {(hotspot1, type, Hotspot), (firel,type, Fire), (hotspotl, correspondsTo, firel)
(firel,occuredIn, “z > 2 Ax <2000 Ay > 2 Ay < 20007)}
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The problem of answering a certainty query like the one we gave in the beginning of this section
amounts to checking whether all possible sSRDF graphs satisfy the query. In the following we give
formal definitions and examples for these concepts inspired by [IL84] [Gra91].

In order to be able to go from sRDF! databases to the equivalent set of possible sSRDF graphs, the
notion of valuation is needed. Informally, a valuation maps an unknown literal to a specific box
from C.

Definition 20. A valuation v is a function from U to C assigning to each unknown literal a box
from C'.

We will denote by v(G) the application of a valuation v to graph G. v(G) is obtained from G by
replacing all unknown literals [ of G with v(_1) and leaving all other terms the same.

The set of valuations that satisfy the constraint store of an sRDF' database can help us to define
the set of possible sSRDF graphs that correspond to it. This set of graphs is denoted by Rep,
following the notation of [Gra91.

Definition 21. Let D = (G, ¢) be an sSRDF! database. The set of possible sRDF graphs represented
by D is the following:

Rep(D) = {g 2 v(G) | there exists a valuation v such that Mg,., E v($)}

Note that RDF (and therefore sSRDF') makes the open world assumption. Thus, we use “2” in
the above definition. If we wanted to make the closed world assumption, we should have used =
instead.

Example 26. Going back to Example Rep(D) is infinite and contains all super graphs of all
graphs formed by each solution of ¢ for variable _regionl. Gy and Ga are two of these graphs.

In Section we gave a syntactic definition of what an answer to a query g over an sSRDF! database
D is. Given that now we have given the semantics of an sSRDF! database as a set of possible SRDF
graphs, what is an appropriate semantic definition for a certainty query? This is captured by the
following definition of certain answer.

Definition 22. Let q be a query and S a set of sSRDF graphs. The certain answer to q over S is
the following set:

{p | 1 is a mapping and p € ﬂ q(G)}
Ges

Example 27. Considering again query q of Example[23, we have the following certain answer:
0

Indeed, query q asks for fires that certainly occurred inside the box defined by the points (100, 100)
and (1000, 1000). The set S contains graphs G representing fires that have occurred outside of the
given box, so there is no mapping contained in every q(G), and thus, the intersection is the empty
set.

Example 28. Let us consider the following query over the database of Example[I6} “Find all fires
that have occurred in a region which is a non-tangential proper part of the box defined by the
points (0,0) and (4000,4000)”. The certain answer for this query is the following mapping:

{{?F — firel}}
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Let us now return to the syntactic definitions of query answering we gave in Section [5.6] Since
the answer to a query can be quite complex syntactically, a user might be interested in asking
whether a particular answer that interests him or her (i.e., technically, particular mappings p) is in
the certain answer to the query. This motivates the definition of the certainty problem originally
defined for incomplete relational databases in [Gra91].

Next, we give the definition of the certainty problem.

Definition 23. Let ¢ be a sSSPARQL query. The certainty problem for query q is, given a set of
mappings M and an sSRDF! database D, to decide if M C () q(Rep(D)).

Example 29. Let D be the database of Example[16, q the sSPARQL query of Ezample[23, S =
Rep(D) the set of possible graphs of D as given in Example [25, and M = {(?F — firel)} a set
containing a single mapping. The answer to the certainty problem for q, given M and D, is “no”.
This is because according to the computation in E':mmple we have that M ¢ () q(Rep(D)).

5.8 Summary

In this chapter, we presented the model sSRDF! that allows the representation and querying of
indefinite spatial information by combining sSRDF graphs containing unknown spatial literals, and
constraint stores containing qualitative spatial constraints, as they have traditionally been studied
by the qualitative spatial reasoning community [RNO7]. We defined the syntax and semantics of
sRDF! and how to evaluate sSSPARQL queries over sRDF! databases. We pointed out that answers
to queries can be quite complex, and proposed the certainty problem as the technical means of
capturing this complexity.

In the continuation of our work, which will be undertaken in Deliverable 2.3, we plan to do the
following:

e Study how we can introduce the ideas of [Kou94d, Kou97] in sRDF!. This will allow us to
answer certainty queries explicitly by computing finite representations of the infinite set of
mappings that are answers to queries. The transfer of the results of [Kou94dl [Kou97] to
our case depends on whether the constraint language involved admits quantifier elimination.
Since this is not possible for TRCL, a key question in our work is to determine subsets of
TRCL (or other useful related languages) that have this property.

e Study the complexity of answering sSSPARQL queries over sRDF! databases and the associ-
ated certainty problem.

At a later stage of the project, based on the above results, we will design an extension of sS-
PARQL++ that allows us to deal with indefinite spatial information. This will allow sSPARQL++
to go beyond GeoSPARQL, the current OGC proposed standard for a geospatial extension of
SPARQL. We plan to contribute these ideas and research directions to OGC through our partici-
pation to the GeoSPARQL working group of OGC.
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6. Conclusions

In this deliverable we presented the semantics-based data models and languages that we will utilize
in TELEIOS. First, we discussed the challenges for semantic data modeling that arise in the two
use cases “A Virtual Observatory for TerraSAR-X data" and “Real-time fire monitoring based on
continuous acquisitions of EO images and geospatial data". Then, we surveyed related work in the
areas of image annotation, and spatial and temporal data models and query languages for XML,
RDF, description logics and OWL.

We then presented a new version of the data model sSRDF and the query language sSPARQL
proposed recently by our partner NKUA that extends the W3C standards RDF and SPARQL for
representing and querying spatial data in the Semantic Web. In the new version of sSRDF and
sSPARQL, called sSRDF++ and sSPARQL++, we opt for a more practical solution to the problem
of representing geospatial data and use the OGC standards Well-known Text and GML instead of
linear constraints.

Finally, we extended sRDF and sSPARQL to allow the representation and querying of qualita-
tive spatial relations as they have traditionally been studied by the qualitative spatial reasoning
community. In the proposed extension of sRDF, called sRDF!, we use a new kind of literals to
represent spatial regions about which the known information is incomplete or indefinite.

We expect the data models and languages defined in this deliverable to have impact beyond
TELEIOS: in the representation and querying of linked geospatial data sets on the Web, and
in the development of a new generation of spatial reasoners for the Web.

In the forthcoming deliverable D2.3 “Theoretical results on query processing for RDF/SPARQL
with time and space”’, we plan to complete the theoretical developments of Chapter 5 and study
the computational complexity of query processing for the languages presented in this deliverable.

The results of this analysis will guide the implementation efforts to be undertaken in WP4 of
TELEIOS.
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