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Abstract—In crisis management, it is crucial to have up-to-date
data available to assess an ongoing situation correctly. This
information originates from different sources, such as human
observations, various sensors or simulation algorithms with
heterogeneous geographic scope. The aggregation of such data is
conducted by decision support systems to disburden the end-users
from automatable tasks. By using semantic technologies for the
integration, these systems can benefit from the expressional power
of semantic queries. Therefore, all data that is available in the
system should also be accessible for these queries. In the following,
we present an approach how sensor data can be accessed through
semantic queries and how geospatial knowledge can be integrated
in a Decision Support System.

Keywords–decision support; semantic access to sensor observa-
tions; GeoSPARQL; geospatial semantic queries.

I. INTRODUCTION

Being a specialized sub-category of a Decision Support
System (DSS), crisis management systems are designed to
support authorities in handling a crisis by providing collected
and analyzed information as well as simulation results. While
in the past the lack of information was one of the biggest
challenges, the situation has changed now. Since the advent
of the Internet of Things (IoT) placing great numbers of
connected sensors the amount of available data has increased
[1]. This results in new challenges: The decision makers have
to be protected from information overflow [2] and the input
from different heterogeneous sources has to be integrated and
automatically analyzed.

Why is geospatial knowledge important in crisis manage-
ment? A crisis situation usually will be limited to a certain area
in most cases. When a high level of water in a river causes
flooding of the land along the riverbanks, this flooding will be
limited to a certain area surrounding the river. The knowledge
about this area allows reducing the amount of data which has to
be considered in the crisis management workflows. Thus, the
location of a sensor or its observation can be used for filtering
data that is of no value for the current crisis; the location of
a human observer can be used to estimate the validity of a
given statement; the geometry of an urban district can be used
to determine if the district is affected by some event.

Our approach is to use semantic technologies to integrate
information from different sources and then apply reasoning
to draw conclusions from the gathered information focusing
on the semantics of geospatial data. While Kontopoulos et
al. presented the overall approach in [3] and [4], this paper
concentrates on two parts of the approach: firstly, accessing

of time series data, e.g. sensor observations and, secondly,
exploiting geospatial knowledge.

The paper is structured as follows: Related Work introduces
preliminaries and gives a brief overview of recent work. In
Section 3 - Using geospatial knowledge, the motivation for
the semantic integration of geospatial information in a crisis
situation given. It is described how geospatial semantics can
be integrated in a machine-understandable manner. Further,
geoSPARQL [5] with possible applications is introduced.
Section 4 - Semantic Access to Sensor Data - gives different
approaches how sensors and their geospatial semantics can be
integrated into a DSS. We present our approach for the integra-
tion and retrieval of such data with the standard SensorThings
API [6] and ONT-D2RQ [7]. Section 5 - Use-Case Applica-
tion describes the application of the developed functionalities
within the project beAWARE [8]. We give an exemplaric query
and analyze its architecture. Section 6 evaluates the approach
on a qualitative base. Section 7 concludes our findings and
gives an outlook on future tasks.

II. RELATED WORK

Parts of the work presented here are based on the
Open Geospatial Consortium (OGC) standard GeoSPARQL
[5]. Battle and Kolas [9] provide a good introduction
into GeoSPARQL. Zhang et al. [10] have already consid-
ered GeoSPARQL useful in the area of crisis management.
While they concentrated on performance improvements of
the GeoSPARQL implementations, our focus is how to bring
all parts together. Nishanbaev et al. provided a survey of
geospatial semantic web for cultural heritage [11]. While the
survey focused on cultural heritage, major parts of it are also
valid for the topic of crisis management.

The integration of databases into semantic systems has
been adressed by Bizer and Seaborne [12] in their descrip-
tion of the D2RQ project. Hert et al. [13] also provided a
comparison of several relational database to RDF mapping
languages. Santipantakis et al. [14] also described the use
of database to ontology mapping systems for the maritime
domain. A discussion on the integration of sensors into a crisis
management system can be found in [15]. The beAWARE
ontology, which was used for the evaluation of our approach
has been presented in [3]. The ontology integrates aspects
of the domain sensors and observations, as well as metadata
for geospatial information. Hence, we continue using this
ontology.
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III. USING GEOSPATIAL KNOWLEDGE

As already stated in the introduction, locations of events,
places, buildings, creatures, etc., play an important role in crisis
management. Locations can be expressed in different ways:
Technical documentation will most likely provide coordinates
of objects like sensors or buildings. In contrast, people tend
to use symbolic locations, e.g. ”The fire at the cathedral in
Paris” or ”the traffic accident at the crossing of St. James Street
and Independance Avenue”. Sometimes, these symbolic loca-
tions are also called well-known places. Therefore, all those
different types of location descriptions should be supported
and there should be some automatic mapping between them.
The resolving of symbolic locations is done with the help of
gazetteers. A gazetteer is a geographical dictionary providing
several information about the recorded well-known places,
e.g. the location or geometry, the population, etc. A popular
example available on the internet is GeoNames [16]. Some
of those gazetteers can even be accessed via SPARQL and
therefore can be integrated into a semantic crisis management
system.

In some use-cases, the amount of data can be further
restricted to increase the usability of the system. If some events
are visualized on a map, only the events that are located
inside the visual part of the map are of interest. Therefore,
the semantic query used for populating the map should utilize
the information about the map’s viewport. In this case, we
have two geospatial restrictions for the data: process only data
which is located inside the area which is affected by the crisis
situation, process only data which is located inside the area
visualized by the current viewport.

There are two preconditions for the use of such geospatial
knowledge as part of semantic queries: First, the collected
data has to be in relation with a location or geometry. This
can either be explicit, e.g. the documented location of a
sensor, or the geospatial information can be inferred, e.g.
some textual statement mentions a well-known place. The
second requirement is geospatial support of the semantic query
engine. The GeoSPARQL extension from the OGC addresses
this requirement. It provides SPARQL extension functions for
geographic information. According to the standard document
[5], GeoSPARQL provides the following features:

• An RDF/OWL vocabulary for representing spatial
information consistent with the Simple Features model
[17]

• A set of SPARQL extension functions for spatial
computations

• A set of RIF (Rule Interchange Format [18]) rules for
query transformation (not in the scope of this paper)

The vocabulary defines top-level spatial vocabulary compo-
nents, as well as geometry vocabulary and topological relation
vocabulary. Since the definition of relations can follow differ-
ent approaches, GeoSPARQL supports three of these relation
families: The Simple Features family follows the OpenGIS
Simple Features specification [17], the Egenhofer family fol-
lows the formal definition of binary topological relationships
by Egenhofer [19] and the RCC8 family follows the Region
Connection Calculus by Randell et al. [20]. The SPARQL
extension functions can be divided into topological and non-
topological query functions. The topological functions contain
relations like equals, intersects, touches, contains, overlaps,

etc. and are defined for each of the different relation fami-
lies mentioned above. The non-topological functions contain
relations like distance, buffer, convexHull, etc.

Geometries can have different numbers of dimensions:
points (0-dimensional), lines (1-dimensional) and areas (2-
dimensional). The function equals can be applied to all geome-
try types and expresses that two instances of SpatialObject are
topologically equal, i.e. their interiors intersect and no part
of the interior or boundary of one geometry intersects the
exterior of the other. The function intersects can be also be
applied to all geometries and states that both geometries have
at least one point in common. The function touches can be
applied to all geometries with a dimension greater than zero
and expresses that both geometries have at least one boundary
point in common, but no interior points. The function overlaps
can be applied only to geometries with the same dimension.
It states that they have some but not all points in common
and the intersection of their interiors has the same dimension
as the geometries themselves. The function distance returns
the shortest distance in units between any two points in the
two geometries as calculated in the spatial reference system
of the first geometry. The function buffer returns a geometric
object that represents all points whose distances from the given
geometry are less than or equal to the given radius value
measured in the given units. The calculations are made within
the spatial reference system of the given geometry. Finally, the
function convexHull returns a geometric object that represents
all points in the convex hull of the given geometry.

The following enumeration lists examples of competency
questions from a crisis management system, which could
benefit from the integration of geospatial knowledge:

1) Which is the area with most people involved in an
incident?

2) Which is the area with the highest density of inci-
dents?

3) Will the playground be affected by the estimated
flood zone?

4) Is there enough shelter capacity for all people affected
by a specific incident type within a certain radius?

5) Where are the nearest sensors for a specific incident?

How can GeoSPARQL be used for answering those questions?
In the following examples, the functions from the Simple
Features relation family are used. The snippets are simplified
to show only the GeoSPARQL part of the whole query to keep
it short. For the first question, the locations of all incidents
have to be collected and then the number of persons involved
has to be aggregated for the different areas. In this case, the
contains respectively the sfContains function determines which
locations belong to which area as shown in the following
SPARQL snippet.

SELECT ? a r e a ? i n c i d e n t L o c a t i o n
WHERE {
? a r e a a geo : w k t L i t e r a l ;
geo : s f C o n t a i n s ? l o c L i t e r a l .
? i n c i d e n t L o c a t i o n geo : asWKT ? l o c L i t e r a l .
}

The second question is similar to the first one. If the
geometries of the playground and the estimated flood zone are
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known, the intersects or overlaps functions will help answering
question three.

SELECT ? p l a y g r o u n d ? e s t F l o o d Z o n e
WHERE {
? playGround geo : hasGeometry ? playGeom .
? e s t F l o o d Z o n e geo : hasGeometry

? estFloodGeom .
? playGeom geo : asWKT ? playWkt .
? estFloodGeom geo : asWKT ? es tF loodWkt .
FILTER ( geo f : o v e r l a p s ( ? playWkt ,

? es tF loodWkt )
}

Question four is more complex. At first, the affected area
has to be determined. With the help of the buffer function
the area for potential shelters is calculated. After that, the
matching shelters can be associated with those areas by using
the contains function and their capacity can be summed up per
area.

SELECT ? a f f e c t e d Z o n e ? i n c i d e n t L o c a t i o n
WHERE {
? i n c i d e n t L o c a t i o n geo : asWKT ? w k t I n c i d e n t .
BIND ( geo f : b u f f e r ( ? w k t I n c i d e n t ,

uom : met re ) AS ? a f f e c t e d Z o n e )
}

SELECT ? a f f e c t e d Z o n e ? s h e l t e r L o c a t i o n
WHERE {
? s h e l t e r L o c a t i o n geo : asWKT ? w k t S h e l t e r .
? a f f e c t e d Z o n e geo : s f C o n t a i n s ? w k t S h e l t e r .
}

The distance function will help answering the last question
if the location of the sensors and the incident location is
known.

SELECT ? s e n s o r L o c a t i o n ? i n c i d e n t L o c a t i o n
? d i s t a n c e

WHERE {
? s e n s o r L o c a t i o n geo : asWKT ? wktSensor .
? i n c i d e n t L o c a t i o n geo : asWKT ? w k t I n c i d e n t .
BIND ( geo f : d i s t a n c e ( ? wktSensor ,

? w k t I n c i d e n t , uom : me t re ) a s ? d i s t a n c e )
}
ORDER BY DESC( ? d i s t a n c e )

By using the functions mentioned above together with the
standard SPARQL features, queries that are more complex
can be built for the given questions. If some locations are
provided as well-known places, they will have to be mapped to
coordinates by some gazetteer services before they can be used
together with the GeoSPARQL functions. If those gazetteers
provide a SPARQL interface, the mapping can be done as part
of a federated query, meaning that some parts of a query are
sent to remote SPARQL endpoints and will be executed there.

IV. SEMANTIC ACCESS TO SENSOR DATA

Changes in the environment can be observed by sensors
through a large number of parameters. Since these sensors
are usually connected to the internet, a large amount of

information is generated, which can be used as possible input
for decision support systems. Since we focus on the semantics
of the available data, the information should be semantically
integrated to make it accessible through semantic queries.

This integration could be done in several ways (in the
following sections, the term sensor management system is used
with the following meaning: A system that manages sensor
measurements and provides standardized access to the data
measured by them.):

• Sensors store their data directly into an ontology or
use some generic adapter for this task

• An existing sensor management system is enhanced
by a SPARQL interface

• The SPARQL queries are mapped to some query
interface of an existing sensor management system

• The database of an existing sensor management sys-
tem is accessed via some adaption layer which pro-
vides a SPARQL interface

The first option is enhancing each sensor in a way it stores
its data as described by the used ontology. However, since
this approach would require changes to each sensor it would
counteract the idea to use existing sensors as input. Even
if there were some generic adapters available for this task,
another problem would still exist: While some raw observation
data might not be suitable for the user of a Decision Support
System, the results of some simulations or forecasts based on
these observations are of greater value. Adding such simulation
and processing functionality to these adapters also would make
them less generic and increase their complexity. Furthermore,
it could lead to massive concurrent write access to the ontol-
ogy, causing a permanent index rebuild according to Pan et. al
[21]. Therefore, this approach was not continued any further.

Another solution would be to integrate a SPARQL inter-
face into an existing sensor management system. This would
leave the task of collecting and storing the sensor data to
an existing software, which follows a popular standard and
therefore enables the use of a great number of already existing
sensors. The OGC SensorThings API [6] is such a standard
from the OGC, which provides a unified way to interconnect
Internet of Things devices, data, and applications over the web.
From the list of available implementations, the FROST-Server
[22] is used for the current research. It uses a PostgreSQL
relational database for the actual storage of the sensor data.
Since the FROST-Server is an open-source implementation,
integrating an additional SPARQL interface should be feasible.
The second part of the SensorThings API standard already
specifies how simulation and processing tasks can interact with
an implementation of the standard.

Some small changes to this second solution leads to the
third possibility: While the SPARQL interface of the previous
solution would have direct access to the internals of the
FROST-Server, in this approach it would be decoupled by
only using the existing query interface of the server. This
approach would not require changes to the implementation of
the FROST-Server, but the mapping between SPARQL and the
query interface would have to be implemented from scratch.

A fourth approach would be to access the underlying
database of the FROST-Server via some adaption layer instead
of enhancing the server itself. This would keep the server
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Figure 1. SensorThings Datamodel (from the OGC SensorThings API standard)

implementation simple by keeping out functionality, which
is only used in some use cases. By using this approach, the
original problem Semantic access to sensor data is transformed
into the problem Semantic access to relational databases. For
the transformed problem, there are already multiple solutions
available: one of them, the D2RQ project [23] provides a
generic implementation for accessing relational databases as
virtual, read-only RDF graphs [12] [13]. The original project
has been extended in the meantime by the community as part
of the project ONT-D2RQ [7] to support OWL in addition to
RDF.

Since the fourth approach promises to reach the goal with
only a minimum of software development, it has been chosen
and the idea of integrating a SPARQL interface directly into
a sensor management system has been postponed.

The D2RQ-Server requires a mapping between the
database tables and an ontology. As a first attempt, a sim-
ple ontology is created, representing the data model of the
SensorThings API (see Figure 1). Parts of this ontology are
integrated into the beAWARE Ontology, presented in [3]. The
entities of this model are directly mapped to tables in the im-
plementation of the FROST-Server. Therefore, table mapping
means entity-mapping in our case. Each of the main entities is
represented by an OWL class. The relations between entities

are modeled as ObjectProperties. Finally, DatatypeProperties
are used for the attributes of an entity. Since the relations of
the SensorThings data model are not directed, there has to be
an inverse ObjectProperty defined for each ObjectProperty. The
actual mapping for ONT-D2RQ is defined in a configuration
file.

Using the new modular Semantic Sensor Network Ontol-
ogy (SSN, [24] would have been an alternative to the creation
of an own simple ontology, but the complexity of the mapping
would have been higher and some aspects of the SensorThings
API which are not covered by the SSN would have required
some additional extensions as well.

V. USE-CASE APPLICATION

The integration of geospatial knowledge and sensor ob-
servation data with the help of ontologies (as introduced in
Section 3 and 4) has been evaluated as part of the research
project beAWARE: “Enhancing decision support and manage-
ment services in extreme weather climate events” [8]. The
goal is to develop an integrated solution to manage climate-
related crises in all phases, starting with early warning before,
managing during and recovery after the event.

A great number of sensors has been connected to the
system for the surveillance of water levels, temperatures,
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1 PREFIX w e b g e n e s i s : <h t t p : / / a r q e x t . w e b g e n e s i s . de />
2 PREFIX beaw : <h t t p : / / beaware−p r o j e c t . eu /beAWARE/ #>
3 PREFIX s t h : <h t t p : / / www. i o s b . f r a u n h o f e r . de / f r o s t #>
4 PREFIX geo f : <h t t p : / / www. o p e n g i s . n e t / d e f / f u n c t i o n / g e o s p a r q l />
5 PREFIX uom : <h t t p : / / www. o p e n g i s . n e t / d e f / uom /OGC/ 1 . 0 / >
6

7 SELECT ? l o c a t i o n ? j sonLoc ? wktLocInc ? wktLoc ? d i s t a n c e
8 WHERE {
9 {SELECT ? l o c a t i o n ? j sonLoc ? wktLocInc WHERE {

10 SERVICE <h t t p : / / l o c a l h o s t : 2 0 2 0 / s p a r q l /> {
11 ? l o c a t i o n a s t h : L o c a t i o n ;
12 s t h : LOCATIONS LOCATION ? j sonLoc .
13 }
14 ? wktLocInc w e b g e n e s i s : convertGeoJSON2WKT ? j sonLoc .
15 }}
16 {{
17 ? i n c i d e n t R e p o r t L o c a t i o n beaw : l a t i t u d e : l a t ;
18 beaw : l o n g i t u d e : l o n .
19 ? wktLoc w e b g e n e s i s : convertLatLon2WKT ( : l a t : l o n ) .
20 }}
21 BIND ( geo f : d i s t a n c e ( ? wktLoc , ? wktLocInc , uom : met re ) AS ? d i s t a n c e ) .
22 }

Figure 2. A geoSPARQL-enhanced SPARQL query retrieving geospatial information

humidity, etc. The sensor observation data is stored inside
the FROST-Server via the SensorThingsAPI interface. For the
SPARQL access to these observations, the D2RServer from
ONT-D2RQ has been chosen. It also supports OWL, whereas
the original D2RQ implementation only supported RDF.

Since the different sources for crisis management system
do not necessarily use the same representation for geospa-
tial location data, we have implemented additional custom
SPARQL extensions for converting between those repre-
sentations, e.g. the webgenesis:convertGeoJSON2WKT prop-
erty function converts the GeoJSON geometries delivered
by the FROST-Server to a WKT representation required by
GeoSPARQL.

Figure 2 shows a SPARQL query combining GeoSPARQL
with information from within the FROST-Server. This example
is constructed from several subqueries and uses the federated
queries feature of SPARQL:

1) The subquery shown in lines 10 to 13 is sent to
the SPARQL-endpoint of the ONT-D2RQ Server
and processed there. This endpoint will then re-
turn all locations which have the DatatypeProperty
sth:LOCATIONS LOCATION set.

2) In the next step, those results are converted from Geo-
JSON to WKTLiterals by the use of custom property
functions. This is the purpose of the subquery shown
in lines 9 to 15.

3) For the incident locations, there is also a previous
conversion step to have the data available as WK-
TLiterals. This conversation step is shown in lines
16 to 20.

4) Finally, the converted locations are used as part
of a GeoSPARQL query to determine the distance
between those observation locations and incident lo-

cations from the beAWARE ontology.

Similar SPARQL queries have been developed for the com-
petency questions of the beAWARE decision support system.
The query results are presented to the decision maker by
means of different visualizations ranging from a simple list
to geographical maps. The applicability of the approach used
for the beAWARE decision support system was validated by
two large-scale trials up to now an in one up-coming third trial.
The evaluation report [25] of the first trial is publicly available
on the project website [8].

VI. EVALUATION

The feasibility of our approach could be shown, but also
some problems were identified which have to be addressed
before the implementation can be used in production: The
performance of the mapping between the relational database
and the semantic representation is not fast enough. This causes
network timeouts of the SPARQL requests and degrades the
usability of the system, if the user has to wait several minutes
for the results of queries which were expected to be simple
queries. Since the author of the SPARQL queries does not
know how these queries will be mapped to SQL queries by
the D2RQ implementation, the mapping may produce non-
optimal SQL statements. The original D2RQ implementation
already provided some optimizations to address this deficiency
when handling large datasets, but it seems that not all of them
are still present in the ONT-D2RQ implementation. Since both
implementations provide different feature sets and the common
features of both are not sufficient for our system, a direct
comparison with a defined dataset was not possible.

The use of federated queries has been identified as another
bottleneck: Since the variable bindings of such a query have to
be transferred to the remote endpoint via the network and after
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the execution, the results will traverse the network again, some
delay caused by the network has to be considered. In particular,
the missing support of LIMIT and OFFSET restrictions for the
federated queries makes the situation even more badly. Even
in the cases where only a few results are needed from the
remote SPARQL endpoint, that endpoint has to process the
whole dataset and return a possibly large number of results,
despite the fact that most of these results will then be thrown
away by some LIMIT or OFFSET clause of the surrounding
query.

In November 2019, the last beAWARE pilot will be con-
ducted. Here, a quantitative benchmark will be performed.
With these results, measures to improve the performance will
be developed.

VII. CONCLUSION

In this paper, we presented the usage of GeoSPARQL
for the integration of geospatial knowledge into a Decision
Support System for crisis management based on semantic tech-
nologies. Competency questions that are of interest for such
DSS were introduced, as well as their formal representations as
geoSPARQL enhanced SPARQL queries. To access sensor data
on a semantic base, the data must be semantically integrated.
We introduced four possible ways how this could be achieved
and how sensor observation data could be accessed from within
such a system. In the Use-Case Application section, we dis-
cussed how these parts were combined within the EU-funded
project beAWARE. As further task, performance optimization
has been identified. In November, the last beAWARE pilot
will take place in Valencia, where quantitative measures will
be implemented to evaluate the systems performance. Finally,
the evaluation of the approach within the project has been
presented.
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