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Abstract. One of the key aspects of the approaching data-intensive science era 
is integration of data through interoperability of systems providing data prod-
ucts or visualisation and processing services. Far from being simple, interoper-
ability requires robust and scalable e-infrastructures capable of supporting it. In 
this work we present the case of EPOS, a project for data integration in the field 
of Earth Sciences. We describe the design of its e-infrastructure and show its 
main characteristics. One of the main elements enabling the system to integrate 
data, data products and services is the metadata catalog based on the CERIF 
metadata model. Such a model, modified to fit into the general e-infrastructure 
design, is part of a three-layer metadata architecture. CERIF guarantees a robust 
handling of metadata, which is in this case the key to the interoperability and to 
one of the feature of the EPOS system: the possibility of carrying on data inten-
sive science orchestrating the distributed resources made available by EPOS da-
ta providers and stakeholders. 
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1 Introduction 

We describe the use of metadata in EPOS: European Plate Observing System 
(www.epos-eu.org), an ESFRI (European Strategic Framework for Research Infra-
structures) project.  In EPOS, metadata is used not only to describe datasets but also 
users, software and ICT resources thus providing a virtualized e-infrastructure envi-
ronment for geoscientists.  We describe a 3-layer model of metadata to provide the 
required functionality including interoperability.  We approach the end of EPOS-PP 
(Preparatory Phase) with a developed architecture and prototype e-Infrastructure envi-
ronment and expect to develop the full production system starting in 2015. 

EPOS is the result of changing expectations and requirements in science, and the 
use of ICT for science.  According to Tony Hey [HeTaTo09] research passed through 
different eras, and we are leaving the computational science era and moving to the 
data-intensive science era, where the amount of produced data outstrips our capacity 
for collecting and analysing it. The vision is that  “the goal is to have a world in  
which all of the science literature is online, all of the science data is online, and they 
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interoperate with each other“. Data interoperability is therefore fundamental.  Extend-
ing the Tony Hey et al vision, another complementary view, promoted by 
[HaRaOr06] states that integration of data, which is one of the main reason for system 
interoperability, is another core concept: “Data integration is crucial […] for progress 
in large-scale scientific projects, where data sets are being produced independently by 
multiple researchers [and] for better cooperation among government agencies”.  The 
key to achieving the vision is virtualization (hiding from the end-user the complexity 
of the underlying system) and virtualization is achieved by the use of metadata.  
Metadata provides the raw material for the middleware necessary to allow interopera-
tion across datasets, across software, across users (using electronic means) and across 
computing resources. 

2 Related Work 

Interoperability of data has long been recognized as important.  In the 1970s attempts 
to integrate data from heterogeneous sources in geoscience were already underway 
[SuJeGi77] and in that work metadata (so-called structural information records) were 
the key to matching syntactically heterogeneous datasets.  However this work only 
touched on the semantic aspects.   Much research has been done since including the 
seminal paper [ShLa90]; an approach using in combination data, software and 
knowledge engineering [JeHuKaWiBeMa94] and the use of graph theory in hyper-
media databases [KoJe95] although no fully satisfactory automated technique has yet 
been developed.  In fact a semi-automated method involving much human interaction 
named Dataspaces has been proposed [FrHaMa05] and subsequent work has focused 
largely on semi-automated mechanisms. 

Software interoperability is even more problematic.  Attempts have been made 
with catalogs or directories of software components.  However, the binding of soft-
ware to data in the Object-Oriented environment precludes general use of software 
across heterogeneous data structures.  The answer lies in atomic software services that 
are agnostic to data structures (or semantics) which implies that the software reads 
first the metadata describing the data of interest and then self-modifies to meet the 
data structure encountered.  In the relational database world this is more easily 
achieved because the data structures are normalized and – at least for data manage-
ment – a set of atomic software services are already defined, namely the relational 
algebra.  Many software packages (e.g. in statistics or visualization) build on this 
concept and access relational tables because they provide a generic data interface 
using the relational schema.  The key is execute-time binding of software to data 
which precludes compile-time typing and thus requires typing checks to be carried out 
at execute time (at least for data ingest and update) to ensure integrity. 

 Interoperability across computing resources has been – so some extent - achieved.  
With homogeneous systems (same hardware, operating system and same organiza-
tional management) there have been solutions available for some time to make a  
distributed system appear homogeneous although even in this environment mainte-
nance of catalogs or directories of the systems characteristics is non-trivial. With  
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heterogeneous systems it is more complex.  Not only are we dealing with different 
hardware with different characteristics (e.g. specialized processors in supercomputers) 
but also differences in accuracy and precision especially for double-precision floating 
point numerics commonly used in scientific research.  Worse, we also have different 
organisations and their management policies to deal with.  Great advances were made 
in the period 2000-2008 based on GRIDs technology; perhaps summarized best in the 
work of the CoreGRID project http://coregrid.ercim.eu/mambo/ although much has 
been carried forward through the European Grid Infrastructure http://www.egi.eu/ and 
on into CLOUD Computing.  

The importance of interoperability means that design papers for system interopera-
bility and for data integration are plentiful in scientific literature: these papers range 
from theoretical models developed by huge companies and academic researchers 

[HaRaOr06], [Le02] to database models and implementation of seismogenic sources 

[BaVaVaBuFrMaBo08], to reviews and summaries on the topic of integration [Do-
HaIv12]  and many others. These (and other) papers provide a range of visions with 
part-solved approaches to each of the kinds of interoperability outlined above alt-
hough the maximum amount of work has been done on data interoperability.  Match-
ing the wide range of papers are many local e-Infrastructure implementations, with 
local data formats, specialised metadata standards and data delivery systems which 
only in a few cases are in regular production use and able to share data with common 
standards.  One example of a production system in Geoscience comes from seismolo-
gy [SuEcGi08]. 

Because of the distribution and heterogeneity of many scientific research resources 
the fundamental task of integration is usually carried on by European-wide organiza-
tions or European projects, with long term vision and consequent investment both in 
human and financial resources.   Examples come from astronomy, astrophysics and 
remote sensing, where huge organizations such as European Space Agency (ESA), 
National Aeronautics and Space Administration (NASA), Japan Aerospace Explora-
tion Agency (JAXA) and many others can manage and coordinate in a consistent way 
all the resources required to carry on research: satellites, telescopes, other sensors or 
machinery and also the e-Infrastructures which enable researchers to retrieve, store, 
exchange and elaborate data, thus reducing the amount of different data and metadata 
formats, software and procedures. When all the resources required to carry on re-
search in a certain science field are managed centrally, then an e-infrastructure with a 
high interoperability factor is likely designed and implemented.   The key factor is 
that the sensors / detectors and associate systems are expensive and shared among 
researchers and thus there is a need for standardization of data formats, software and 
procedures.  

With the exception of earth observation, such an approach is not found in Geosci-
ence. The relatively low cost of sensors and hardware  required to create a research 
infrastructure (RI) allow any institution to create its own RI and of the underlying e-
infrastructure.  Thus there is a lack of integration even within each sub-discipline of 
geoscience let alone between those sub-disciplines – except in seismology where 
there is some coordination.  This is because of the economic and social consequences 
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of seismic activity and the better science that can be achieved by utilising many seis-
mic observatories with their sensor arrays providing higher precision in the data. 

Attempts to provide cross-discipline integration have started.  At low level (storage 
and preservation) the EC-funded project EUDAT http://www.eudat.eu/  is providing 
an e-layer to store, securely preserve and curate the data and encourage discovery of 
datasets across all disciplines.  Interestingly, their initial trials of DC (Dublin Core) 
and subsequent use of CKAN (Comprehensive Knowledge Archive Network, 
www.ckan.org) metadata proved inadequate and they are now pursuing other possibil-
ities including the metadata standard used by EPOS (of which more below).   

Similar integration is being attempted in the Global Earth Observation System of 
Systems (GEOSS www.earthobservations.org/geoss.shtml), devoted to “proactively 
link together existing and planned observing systems around the world and support 
the development of new systems where gaps currently exist”. In both cases the com-
mon goal is to provide a certain degree of integration of data and datasets coming 
from different science fields, so that a user may discover information with one dis-
covery action (query). Although such global initiatves are important and fundamental, 
dealing with such diverse data poses problems because of the heterogeneity intrinsic 
to multilingual semantics.  

3 EPOS 

This paper takes a particular example case from geoscience, the European Plate Ob-
serving System (EPOS) which deals with data coming from solid Earth Sciences. A 
major problem is the varied group of communities and their different approaches, 
their distributed locations and groupings.  There is a tension between the local institu-
tional organization covering one or several fields and the international cooperation in 
any one field – in some cases with one or more European centres.  Thus the EPOS e-
infrastructure team interacted with ten major community groupings to discover their 
assets (datasets, software, computing and other equipment, services offered).  This 
inventory – together with contact information – was stored in a database named RIDE 
(Research Infrastructures Database for EPOS) and made widely available.  This en-
couraged communities to ‘open up’ more assets.  It also allowed EPOS-PP to demon-
strate the scale of research infrastructures already funded and available and therefore 
the benefits of integrating across them all in the EPOS project. 

Thus, EPOS aims to have a real integration of science data and common access to 
services (including software services but also, e.g., access to rock mechanics equip-
ment or supercomputers) from one single integrated online environment, namely 
EPOS Integrated Services. These services utilise metadata namely a specialised, ex-
tended implementation of the Common European Research Information Format 
(CERIF) model.  CERIF was designed initially for research information interopera-
tion and has been an EU Recommendation to Member States since 1991.  Information 
on CERIF is available at the website of the not-for-profit organization tasked to  
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maintain, develop and promote CERIF, euroCRIS www.euroCRIS.org and specifical-
ly at http://eurocris.org/Index.php?page=CERIFreleases&t=1.  In this paper we out-
line the main features of the EPOS system, and in particular the metadata catalog and 
its implementation. 

The EPOS mission is to integrate existing and new, distributed research infrastruc-
tures (RIs) for solid Earth Sciences warranting increased accessibility and usability of 
multidisciplinary data from monitoring networks, laboratory experiments and compu-
tational simulations. This is intended and expected to enhance worldwide interopera-
bility in the Earth Sciences and establish a leading, integrated European infrastructure 
offering services to researchers and other stakeholders.  In fact EPOS is designed to 
interoperate with equivalent RIs in other continents and work is ongoing with them. 

EPOS represents the solution and expresses a scientific vision and an IT approach 
in which innovative multidisciplinary research is made possible. However, EPOS also 
requires a sustainability plan and business model and has to organize and leverage 
other funding sources.  Additionally the legal aspects of providing such integrated 
services and the associated rights over data, software, equipment and even scholarly 
publications require managing.  In an online integrated research environment all these 
aspects require metadata. 

Hence, EPOS is not only a portal to domain-specific (thematic) datasets for down-
load.  The ambition of EPOS is to overcome the general complexity faced by a re-
searcher when using a wide diversity of data and data products to perform her/his 
research, by providing a simple “one-stop shop” environment and interface.  The 
technical goal is to provide an integrated environment where the user can browse, 
preview and/or select, download data.  However, in addition, the novel aspect of 
EPOS compared with other portals – is to allow the user to perform analytics, data 
mining, visualisation and modelling directly online.   

4 e-Infrastructure Design 

The EPOS architecture is structured as follows (Fig.1): 

• Integrated Core Services (ICS) provide access to multidisciplinary data, data prod-
ucts, and synthetic data from simulations, processing and visualization tools. How-
ever, because EPOS means to integrate, analyse, compare, interpret, and present 
data and information, ICS does not simply mean data access, they are the place 
where integration occurs; 

• Thematic Core Services (TCS) are infrastructures that provide data services to spe-
cific communities (they can also be international organizations, such as ORFEUS 
for seismology www.orfeus-eu.org); 

• National Research Infrastructures and facilities provide services at national level 
and send data to the European thematic data infrastructures. 
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Fig. 1. EPOS architecture 
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Fig. 2. Functional Architecture 
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sufficient because EPOS wants to (i) be interoperable with other systems, (ii) be com-
pliant with major European standards, (iii) deliver a high quality service that  
enables a user to perform programmatically some actions. A locus dedicated to  
machine-machine interaction is therefore needed. This is exactly the Application Pro-
gramming Interface (API), which includes a set of native functions enabling a ma-
chine use of the EPOS system, as for instance RESTful queries of the type: GET 
/entity?data_types=[seismwav,GPS,satdata]&lat=45.5345&lon=16.334&startime=”da
tetime”. For this latter purpose, the reliable and fully CERIF compliant CERIF-XML 
standard is used at the present stage in the form of a RESTful service that can be que-
ried to obtain XML-formatted metadata.   

Services interface module includes all the software and interfaces required to con-
nect outsourced resources as, for instance, linkage to HPC centres or workflow man-
agement infrastructure (e.g. VERCE www.verce.eu). 

5 Data Model 

The metadata catalog is the key to the implementation and is dependent on the meta-
data model.  Metadata can be viewed or considered in two dimensions: 

• Metadata to describe the objects of the “EPOS ecosystem” in such a way that the 
descriptions (including restrictions of usage) can be used by the middleware and by 
application software; 

• Metadata for to provide the appropriate level or depth of metadata for the required 
task or processing; 

5.1 Metadata to Describe EPOS Ecosystem Objects 

This dimension of the metadata concerns the objects of the EPOS “ecosystem”: these 
are classified into users, services (including software), data and resources (computing, 
data storage, instruments and scientific equipment) as shown in Fig. 3. 

The User Model describes how a subject (human user, but also a program, or a 
process) can interact with the EPOS e-infrastructure and determines the design of the 
EPOS web-portal. This is important to ensure all kinds of people, regardless their 
location, language, expertise, permissions, responsibilities, authorities and disabilities 
(or differently-abled abilities e.g. when driving), can easily access and use the system. 
Therefore, it will provide the technical information to ensure users’ security, privacy 
and trust through its identification, authentication, authorization and accounting 
(IAAA). IAAA are based on the data policy and access rules describing the degree of 
openness of the information, data usability, data ownership, and the stakeholders’ 
metric aimed at analysing the impact, influence, engagement, exchanges and ethical 
risks associated to each user category and the possible utilization of EPOS data and 
services. 
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of referential and functional integrity -  were experienced 1991-2000 which led to the 
reconvening of the expert group and the development of the replacement CERIF2000.   

CERIF2000 covers - as base entities - persons, organisations, projects, products 
(including datasets and software), publications, patents, facilities, equipment, funding 
and more.  The novelty of CERIF is in the linking entities; these describe the 
relationships between instances of base entities.  Each linking entity consists of the 
keys (unique identifiers) of the two base entities being related, a role (the relationship) 
and both start and end date/time; thus providing temporal information for the period 
of validity of the assertion implicit in the instance of the linking entity.  A role might 
be ‘author’ in the linking entity between person and publication; it could equally well 
be ‘editor’ or ‘reviewer’.  Similarly a role between organisation and person might be 
‘employs’; multiple instances with diffreent values of start date/time and end 
date/time (and possibly with different organisations) form a list of employments 
(career history) of a person.  In the case of datasets related to datasets appropriate 
roles describe replication or partitioning and (with appropriate dates/times) 
provenance.  Clearly it is possible to relate daatasets to software, licences, 
organisations, equipment (sensors) etc. 

The design of CERIF respects both referential and functional integrity which is an 
advantage over simpler metadata schemes and the reason why CERIF was chosen for 
EPOS (and other projects).  For example, in CERIF a person exists independently of 
whether they are employed, an author, a copyright holder or a software developer – 
all of which might be coincident.  Metadata schemes which, for example, have person 
as an attribute in an instance of a publication (where the attribute name might be au-
thor or creator) violate functional integrity and may – depending on cardinality – vio-
late referential integrity.  CERIF provides for multilinguality; each text string can 
have multilingual variants.   

Additionally, CERIF has a semantic layer – interoperable with the well-known 
W3C standards OWL and SKOS – which has the same design philosophy as the rest 
of CERIF.  It has base entities and linking entities.  The base entities of the semantic 
layer are classification schemes (rather like namespaces) and classification (i.e. 
terms).  The linking entities allow terms from different classification schemes to be 
related by roles such as is equivalent to, is broader than, is narrower than and so on – 
like a thesaurus or ontology.  This flexibility is important and having the semantic 
layer integrated within the model – and using conventional data processsing technolo-
gy - makes for efficient processing especially when crosswalking to interoperate 
across semantc domains is reuqired.  In implementation, the terms representing role 
from linking relations in the rest of CERIF are unique identifiers which – in the se-
mantic later – are translated to terms.   This allows for multilingual terms for the same 
role.  Similarly, the semantic layer holds valid terms for values of a particular attrib-
ute in the rest of CERIF – for example the values for country code from the ISO 
standard.   Holding all term values in the semantic layer and referencing them through 
unique identifiers from the rest of CERIF allows terminological /semantic contol and 
improves the accuracy and interoperability of the data.  

However the original CERIF design was aiming to describe all aspects of research 
process which ended up with the publication, product or patent as a final output.  
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Within the context of EPOS, the output (product) of research is a more complex object, a 
product which can potentially include very diverse kind of data and data products. Some 
developments in this area to extend CERIF were already started.  In 2013 a data exten-
sion proposal for CERIF for the purposes of EPOS was initiated by investigating  
CKAN, DCAT and eGMS and was guided by a draft proposal of the Jisc-funded  
CERIF for Datasets (C4D) project (cerif4datasets.wordpress.com). In EPOS, as a com-
prehensive list of all the possible data products would have been very difficult, if not  
impossible, to draft, a categorization has been carried out taking into account previous 
work done on levels of data products from NASA (science.nasa.gov/earth-science/earth- 
science-data/data-processing-levels-for-eosdis-data-products), Interface Region Imaging 
Spectrography (IRIS) (www.lmsal.com/iris_science/doc?cmd=dcur&proj_num=IS0076 
&file_type=pdf ), UNAVCO (pbo.unavco.org/data/gps) and others including the particle 
physics community and datacentres in the natural environment communities.   

This work yielded the EPOS data levels categorisation: 

• Level 0: raw data, or basic data (example: seismograms, accelerograms, time 
series, etc.) 

• Level 1: data products coming from nearly automated procedures (earth-
quake locations, magnitudes, focal mechanism, shakemaps, etc.) 

• Level 2: data products resulting by scientists’ investigations (crustal models, 
strain maps, earthquake source models, etc.) 

• Level 3: integrated data products coming from complex analyses or commu-
nity shared products (hazards maps, catalogue of active faults, etc.) 

The extension to CERIF proposed by C4D – and now adopted in the current version 
of the CERIF model as published - is able to handle all the data encompassed by this 
categorisation.  Furthemore, the relationships between datasets at the different levels - 
and the processing or operations that caused the generation of a new derived dataset – 
can be recorded together with software, persons, organisations involved and the tem-
poral duration of the transition.  

5.4 Data Discovery with EPOS ICS 

The three-layer metadata structure can effectively represent and manage the levels of 
commonality among all the metadata describing datasets provided by the data provid-
ers (or similarly for users, software services and resources). Discovery level is  
somewhat abstract but provides a target list of potentially relevant data (or software, 
resources) while contextual level provides the lowest common metadata across all 
domains and allows an end-user or software to assess the relevance and quality of the 
data for the purpose at hand.  The community specific metadata (lowest level) is 
hence not ingested by the system as a whole: only a subset of it is mapped into the 
Metadata Catalogue – sufficient for (a) providing the end-user or software with in-
formation to characterise the object(s) being accessed and assess their quality related 
to the purpose at hand; (b) to provide the acces route (usually an API). However in 
order to have a reliable access to the local data, the Integrated Core Services had to set 
up efficient communication mechanisms into the so called compatibility layer. This 
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layer makes possible the linkage between ICS and TCS (and when required institu-
tional RIs) thus enabling discovery and integration capabilities.  The thematic core 
services (TCS) are developed independently by their respective communities and in 
order to provide data and metadata to the ICS (but more in general to be interoperable 
at international level) they provide software interfaces to access their systems, usually 
just end-user services to discover appropriate datasets or software and –in some cases 
– limited processing.  

To fetch and discover the desired data and metadata, ICS can then: (i) access to 
TCS web-services, (ii) access TCS generic APIs, (iii) link directly to datasets and 
ingest the metadata by means of some automated process or – if it is an infrequent 
access channel - manually. The automated process is a conversion driven by an earlier 
metadata matching and mapping exercise which can be manual (once and thereafter 
automated using the convertor driven by the mapping parameters) or part-automated 
using one of the techniques mentioned in the Previous Work section (Section 2).   
   To enable such a communication (compatibility layer) a new entity was introduced 
in the CERIF scheme – the cfServiceInterfaceDescription – and the cfService was 
used with a special meaning: the entity is supposed to store information about the 
webservice or API providing data. The purpose of these two new proposed entities is 
to store all the information necessary to enable the system to connect to the desired 
service and map the metadata of interest into the cfResulProduct entity. 

6 Using EPOS for Science 

The aim of EPOS is to provide for the solid Earth community a research infrastructure 
for data intensive science making use of integrated data and community-constructed 
software services by users utilizing resources (computing, laboratory equipment, sen-
sors/detectors). To achieve this, two clearly differentiated steps are needed: (i) inte-
gration, (ii) intensive data processing. The latter goes beyond the determined capabil-
ity of the EPOS Preparatory Phase Project and the e-Infrastructure just depicted, 
whose role is to orchestrate the use of distributed processing facilities (and for in-
stance determine whether it is convenient to move data to HPC centers or code to 
local datacenters / repositories with some processing capabilities).  However, the 
EPOS e-Infrastructure architecture has been designed to accommodate data-intensive 
processing with analytics, data mining, simulation and visualization.  Nonetheless, the 
data integration (and to some extent user, software service and resource integration) is 
covered by the EPOS ICS.  

It is here that the requirement for rich metadata becomes apparent.  Some general 
purpose discovery tools, protocols and mechanisms, as for instance OAISTER for 
query with Open Archives Initiative Protocol for Metadata Harvesting (OAI-PMH) 
for data transfer, can be effective for discovery of data repositories or of datasets. 
However, given the variety and complexity of objects in the EPOS e-Infrastructure a 
robust handling of metadata is needed.  The relevance (precision) and recall (com-
pleteness) of retrieval has to be better than that achieved with the commonly available  
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technologies. The complexity of data structures (which usually imply some meaning 
in terms of methods of data collection or initial processing) and the detail of the se-
mantics require rich metadata in order to achieve quality results.   

When heterogeneous data are confined within the field of Earth Sciences, a general 
discovery can be carried on using the contextual layer of the three-layers structure 
described above, which contains the maximal level of commonality among all the 
data products (i.e. it is the lowest level (between abstract and detail) that is applicable 
across all the digitally represented objects in the e-Infrastructure). Using the infor-
mation contained in the metadata catalog, the system can hence retrieve community 
specific metadata, thus enabling the user to perform a fine tuning of the discovery 
parameters (i.e. using specific metadata elements rather than generic ones) and the 
system itself to orchestrate higher level functions (visualization and processing) over 
distributed resources. With such a robust management of metadata through a CERIF-
based catalog, the path to data-intensive science gets closer and easier, thus creating 
new perspectives for science data processing.  

7 Conclusion 

In this work we outline the main concepts of EPOS, and describe its e-infrastructure 
devoted also to data intensive science. Such an e-infrastructure makes use of the 
CERIF data model not for its usual domain of   managing research information but to 
run a complex metadata catalog system which will – with middleware - enable EPOS 
services to perform advanced functions.  These functions, in turn, will improve the 
capabilities of scientists dealing with Earth Sciences. EPOS – or more precisely 
EPOS-PP - has therefore demonstrated with a prototype for the full EPOS system the 
power and utilization of the CERIF data model for building a data-intensive e-
infrastructure for geoscience. 
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