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Abstract— The ENVRI Reference Model (ENVRI RM) and 
its ontological representation Open Information Linking for 
Environmental RIs (OIL-E) allow architects and engineers to 
describe the architecture and operational behavior of 
environmental and earth science research infrastructures (RIs) 
in a standardized way using community-agreed terminology. RI 
descriptions can be published as linked data, allowing discovery, 
querying, and comparison using established Semantic Web 
technologies. The ENVRI Knowledge Base is a community 
knowledge base which uses OIL-E to capture information about 
environmental and earth science RIs in the ENVRI community 
for query and comparison. Such Knowledge-as-a-Service 
supports identifying the technologies and standards used for 
particular activities and services and evaluating research 
infrastructure subsystems and behaviors against certain 
criteria, such as compliance with the FAIR data principles. 

Keywords— Research infrastructure, knowledge base, 
FAIRness, big data management 

I. INTRODUCTION 
Data-centric approaches play an increasing role in many 

scientific domains such as in the environmental and earth 
sciences. Such research activities also often require advanced 
computing and storage infrastructure in order to analyze, 
process, model, and simulate data. Advanced research 
support environments are needed to enable researchers to 
access data, software tools and services from different 
sources, and to integrate them into cohesive experimental 
investigations with well-defined, replicable workflows for 
processing data and tracking the provenance of results. Based 
on the types of functionality needed, we identified three key 
research support environments [1]: 1) e-Infrastructures for 
providing computing, storage and network resources; 2) 
research infrastructures (RI) for research assets and services 
within different scientific domains; and 3) virtual research 
environments for providing user-centered support for 
discovering and selecting data and software services from 
different sources.  

Among research support environments, Research 
Infrastructures play a key role in the lifecycle of research data, 
services, and other assets, providing security and access 

                                                        
1 LifeWatch: www.lifewatch.eu 
2 EPOS: www.epos-ip.org 
3 EuroArgo: www.euro-argo.eu 
4 eLTER:www.lter-europe.net/elter 
5 ICOS: www.icos-ri.eu 
 

policies for e.g., the acquisition, curation, publication, 
processing and other usages of research data. RIs in 
environmental and earth sciences support user communities 
with federated data curation, discovery and access services, 
analytical tools and common operational policies integrated 
around large-scale sensor/observer networks, often deployed 
on a continental scale. Examples in Europe include 
LifeWatch 1  (biodiversity), EPOS 2  (solid earth science), 
EURO-ARGO3 (ocean monitoring), eLTER4 (Ecosystem) , as 
well as ICOS5 and EISCAT_3D6 (atmosphere).  

These infrastructures are developing into important pillars 
for their respective user communities, but are also intended to 
support interdisciplinary research as well as Copernicus7 as a 
contribution to GEOSS8. As such, it is very important that 
data-related activities are well integrated in order to enable 
data-driven system-level science. This requires standard 
policies, models, and e-Infrastructures to ensure coordination, 
harmonization, integration, and interoperability of data, 
applications, and other services. However, the complex nature 
of environmental science seems to result in the development 
of environmental RIs that meet only the requirements and 
needs of their own domains, with very limited interoperability 
of data and isolated tools and operational policies. The root 
cause for the heterogeneity is that the RI development 
communities often lack effective sharing of technical practices 
about architectural design, service interfaces, selections of 
metadata standards,  controlled vocabularies, and ontologies. 

In this paper, we present a community knowledge base 
proposed in the EU H2020 ENVRIPLUS 9 project that will be 
further developed in its follow-up project ENVRI-FAIR10. 
The knowledge base provides Knowledge-as-a-Service for the 
RI development communities to document the development 
and operation of RI services and to address engineering 
problems.  

The paper is organized as follows. First, we introduce the 
research background and related work of the proposed 
solution. Next, we discuss the requirements for the ENVRI 
knowledge base and its architecture. Finally, we discuss the 
current prototype and demonstrate its use with two use cases. 

6 EISCAT-3D: www.eiscat.se 
7 COPERNICUS: www.copernicus.eu 
8 GEOSS: www.geoportal.org 
9 EU H2020 ENVRIPLUS: envriplus.eu 
10 EU H2020 ENVRI-FAIR: envri.eu/envri-fair/ 

127

2019 IEEE World Congress on Services (SERVICES)

978-1-7281-3851-0/19/$31.00 ©2019 IEEE
DOI 10.1109/SERVICES.2019.00041



II. BACKGROUND 
The ENVRI cluster projects, namely ENVRI (2011-2014), 
ENVRIPLUS (2015-2019) and ENVRI-FAIR (2019-2022), are 
concerned with: 1) the identification of technical and 
organizational commonalities between environmental RIs; 2) 
prototyping reusable solutions to common challenges; and 3) 
improving the FAIRness of assets in different RIs and making 
them interoperable. One of the key challenges we have to 
tackle when sharing engineering practices and building 
interoperable data services is how to effectively communicate 
with different stakeholders, users, developers involved in RIs 
of different environmental sub-domains.  

III. RELATED WORK 
Because a common ontological framework is essential, the 
ENVRI Reference model (RM) was proposed and developed 
in the ENVRI community (cluster projects) since 2011 [2].  
The methodology for developing ENVRI-RM was to 
decompose system descriptions based on viewpoints. Open 
Distributed Processing (ODP) [3] provides five viewpoints 
from which to describe systems: enterprise, i.e., system 
scenarios, involved communities and roles; computation, i.e., 
system interfaces and bindings between system components; 
information, i.e., data objects and schemas of the system; 
engineering, i.e., system middleware, engineering principles; 
and technology, i.e., technology standards and decisions.  

 
Fig. 1. The basic idea of the ENVRI Reference Model. 
 
This decomposition of complex systems by viewpoints is a 
useful technique for managing the complexity and provide 
information tailored to different kinds of stakeholders [4,5,6]. 
ENVRI RM employs these viewpoints to model the 
characteristics of environmental research infrastructures but 
it replaces the enterprise viewpoint with the science 
viewpoint. This is to align the ODP with the RI view of the 
world. The current version is available online11. Fig. 1 depicts 
the basic viewpoints of the ENVRI RM.  
 
Applications of ODP [3] have been studied extensively and 
ODP has been applied to the design of various kinds of 
infrastructure, including in the Internet of Things (IoT) [7] 
and Smart Cities [8]. The applicability of ODP, a standard 
that was developed in the 1990s, to modern concepts of 
service-oriented architecture and Cloud have been discussed 
before in research literature [9]. Indeed, the advancement and 
wide-scale adoption of virtualization and programmable 
infrastructure mean that the separation of concerns between 
the computational and engineering viewpoints (for example) 
are less clear than they perhaps were original. For instance, 

                                                        
11 http://envri.eu/rm 

modelling a system deployed on virtual infrastructure and 
modelling the virtual infrastructure service itself would each 
result in a very different assignment of concepts between the 
two views. On the other hand, ODP supports the notion of 
transparencies, the selection of aspects of system design 
(such as authentication and migration of components) to not 
be explicitly modelled in specifications to reduce confusion, 
clutter or repetition in design documents. In this light, the 
explicit acknowledgment that the resources and channels 
described in the engineering view of an RI specification 
happen to be virtualized becomes simply another 
transparency option. Regardless of whether ODP can be 
considered to be a sufficiently contemporary specification for 
the modelling of modern distributed systems, the notion of 
specifying systems across multiple views is still well-
regarded in software engineering research literature. 
The ENVRI semantic linking framework was developed 
based on ENVRI RM. Open Information Linking for 
Environmental RIs (OIL-E) [10] was designed to provide an 
upper ontology for RI descriptions based on ENVRI RM that 
can be used to contextualize different kinds of RI assets from 
architectural or operational perspectives. This is in contrast to 
general-purpose ontologies for describing scientific 
phenomena such as ENVO [11]. OIL-E has more in common 
with conceptual models that focus on the products and tools 
of research rather than on scientific classification itself and is 
more concerned with providing a controlled vocabulary for 
environmental science RIs, in particular. 
The foundation of OIL-E is the oil-base ontology, which 
provides a set of abstract concept classes derived from the 
most common elements observed in the ENVRI RM and 
distributed across the five ODP views. Defined from the 
ENVRI RM specification, the envri-rm ontology is the 
primary extension of oil-base. As ENVRI RM is an on-going 
development, with each release of the model, the envri-rm 
ontology must be updated accordingly. Currently, this is done 
via consultation within the relevant working group in the 
ENVRI community, based on demand for new stereotypes for 
RI entities or activities or discussion regarding the 
correctness of specific properties or other relationships. 

IV. ENVRI KNOWLEDGE BASE  
The ENVRI knowledge base aims to provide a repository for 
RI architectural information and ‘design wisdom’ encoded 
using ENVRI RM that can be programmatically queried and 
analyzed. It serves as a database of information about 
technologies and standards used by RIs. 

A. Target users and roles 
The knowledge base serves different types of users in the 
ENVRI community based on their specific needs:  
1. RI architects, designers of technical services for RIs, 

want to know what the best practices are for dealing with 
various problems common in the construction and 
management of RIs as well as the prevailing 
technologies and standards used by others that could be 
adapted to meet their own needs. 

2. Scientific application developers of data science 
applications need to know what resources are available 
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to them, which RIs publishes them, any limitations on 
their use and the differences between them. 

3. Similar to developers of data science applications in 
general, Virtual Research Environment developers 
need to know about the resources that their VREs might 
interact with, especially catalogue services that allow 
users of their VREs to search RI data collections but are 
particularly concerned about providing direct access to 
resources within their VREs, to facilitate on-demand 
programmatic discovery and integration of new 
resources. 

4. e-Infrastructure service developers want to be able to 
tailor their offerings to the needs of researchers. To do 
this they need to know how their services are already 
used by RIs and where there is potential for further 
delegation of RI architecture to e-infrastructure. 

5. Teachers and students in the domains of ICT, data 
science or environmental science, who are interested in 
reviewing how RIs are constructed, the variety of 
resources that they currently make available, and the 
potential of science conducted using RIs. 

6. Proposal writers and funding agencies need to be able 
to understand the RI landscape and the resources that are 
currently available as well as gaps that new development 
may fill. Furthermore, funding agencies need to 
understand the RI landscape and profile RIs in order to 
inform their strategic planning. 

B. Functional requirements 
Based on the types of users and their specific needs, we can 
identify at least the following functional requirements: 
1. Flexible knowledge base query, allowing for the 

development of arbitrarily complex queries, either 
directly by expert users or via other knowledge base 
interfaces (such as faceted search or model browsing, see 
below). 

2. Browsing RI design models, including the ability to 
display all data associated with a model or its 
components in a human-readable manner on a client (e.g., 
a Web browser) and the ability to directly retrieve 
information by identifier. 

3. (Semi-)automated composition of requests to an online 
RI resource using information about the resource, its API, 
and the type of request as provided by the user.  

4. Context-specific visualization of RI design models and 
other common classes of knowledge base content, 
typically for embedding in a model browser but also for 
export (e.g., as an image to download).  

5. Model profiling of RI design models against specific 
criteria, such as compliance with FAIR (Findability, 
Accessibility, Interoperability and Reusability) data 
principles [12], compliance with ENVRI RM templates, 
or satisfaction of user-provided constraints.  

6. Automated verification of updates of new or revised 
data into the knowledge base, limited to restricted APIs 
subject to model validation and access permissions.  

7. Design space support for alternative RI designs, 
including of the same RI, allowing RI architects to 
experiment, to differentiate between ‘current’ and 
‘planned’ RI states, and to maintain different versions of 

                                                        
12 https://www.envri.eu/knowledgebase 

the same RI design that can be retrieved separately by 
search and browsing facilities.  

8. Automated harmonization of models within the same 
RI design space with overlapping concepts/concerns. 
Specifically, the generation of requirements based on 
correspondence rules between model concepts that are 
then checked against existing models in the knowledge 
base.  

9. Comparison of two or more models in a manner that 
facilitates easy comprehension of similarities and 
differences. 

10. Gap Analysis in an RI design based on a set of models, 
reference models (e.g., derived from ENVRI RM) and 
equivalent models of other RI designs, resulting in a set 
of suggestions as to what might be missing from the RI. 

11. Recommendation: Generation of ‘recommendations’ 
by the knowledge base in response to a set of 
requirements for RI design, using information from 
reference models and existing RI designs. Requires the 
ability to evaluate models and components. 

These requirements provide valuable input for knowledge 
base development.  
In the ENVRIPLUS and ENVRI-FAIR projects, those 
requirements are prioritized based on needs from the RI 
communities and their RI development and operation 
lifecycles. For instance, when an RI just starts its 
development, querying knowledge base, discovering existing 
solutions from other RIs, and analyzing the gaps will be the 
typical needs for the knowledge base.  

C. Current prototype 
The current knowledge base is prototyped using Apache Jena 
Fuseki, which provides a triple store for aggregated RDF data 
along with a service API and internal reasoning capabilities 
based on the OWL [13] standard. The knowledge base 
contains the complete set of OIL-E ontologies along with a 
representative sample of RI-specific data for the purposes of 
demonstration and experimentation. Access to the knowledge 
base is achieved via a SPARQL [14] endpoint. The main 
landing page for the knowledge base, which also provides a 
means to try and modify various sample queries via Web 
browser without needing a HTTP/SPARQL request client, 
can be accessed via the ENVRI community site12. 
Figure 3 shows a visualization of information in the current 
ENVRI knowledge base as can be viewed by visiting the 
above landing page. 

 
 
Fig. 3. Visualizing information in the ENVRI knowledge 
base, showing entities associated with the EPOS RI. 
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Nodes are color-coded to distinguish concept classes from 
instance data and data properties, with additional information 
accessible by directly selecting individual nodes. 

V. USE CASES 
When resolving queries, the knowledge base is able to apply 
the relations and classifications defined by OIL-E in order to 
infer results beyond those explicitly asserted in the triple 
store. This allows the full set of ENVRI RM archetypes to be 
used to guide the discovery and search over all the RI data 
provided. For the ENVRI knowledge base, we identified four 
key knowledge capabilities:  
1. A survey of the technical landscape. The web of 

knowledge created by semantic linking should help us 
understand what technologies (including software, 
standards and vocabularies) are being used by 
environmental science RIs. 

2. Comparative solution analysis. It should be possible to 
compare solutions developed by environmental science 
RIs. Specifically, given the knowledge of how 
technologies are used in their proper context, we should 
be able to compare developments in equivalent contexts. 

3. Gap analysis and component recommendation. Given 
a reference model for environmental science RIs (e.g., 
ENVRI RM), it should be possible to identify what is 
missing in the current development state of a given RI, 
and based on both the model and the solutions developed 
by other RIs, it should be possible to then make certain 
recommendations. 

4. Linked open research infrastructure. The web of 
knowledge created by semantic linking should itself be 
publicly accessible, machine-navigable, and provide a 
gateway to the services and data held by the RIs. It 
should include (where available) data provenance and 
resource catalogues, and it should (where appropriate) 
make use of other ENVRI services such as the catalogue 
service for cross-RI search. 

Given a sufficiently-detailed corpus of information regarding 
environmental and earth science RIs backed by a ‘standard 
model’ for how such RIs are constructed (i.e. ENVRI RM), it 
is possible to evaluate individual RIs or RI subsystems in 
terms of how they compare with similar RIs or against some 
kind of base criteria. In this section, we shall describe two use 
cases to demonstrate how the knowledge base can be used in 
the real ENVRI scenarios.  

A. Case 1: Sharing data quality control technologies 
among RIs 

Data quality control is an important activity when curating 
data. In the ENVRI community, raw data collected from 
sensors or observation stations has to be quality controlled 
before being published via catalogues. Using the knowledge 
base, it is possible to compare data quality control processes 
applied by RIs in the same domain (e.g. marine science) 
against another or against a specifically prescribed 
methodology. In this case, we use ENVRI RM to model the 
quality control procedure of different RI in a shared 
knowledge base.  
First, we develop a detailed taxonomy for describing the 
Quality Control related methodologies, roles and processes, 

as shown in Fig. 4. The taxonomy is developed based on the 
data management lifecycle defined by ENVRI RM.  
 

 
 
Fig. 4. Quality control concepts based on the information 
viewpoint in the ENVRI RM. 

           
Fig. 5. Quality control processes survey of the EuroArgo 
research infrastructure. 
Second, we use the taxonomy and ENVRI RM to model the 
quality control procedures for each RI (Fig. 5 displays an 
example) and to describe them in the ENVRI knowledge 
base. 
Finally, the quality control tools are reviewed based on the 
taxonomy (as shown in Table 1). Such information is 
valuable for the community to share.   

 
Table 1. A review of QC tools in ocean observation.  
In this way, the quality control procedure and tools of a 
specific RI can be discovered and shared with other RI 
communities, as suggested in Figure 6. 
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Fig. 6. The ENVRI knowledge base for QC related query and 
output.  

B. Case 2: analyze the FAIRness of an RI 
Another possibility is to provide tools for RI designers to 
evaluate their own RIs in terms of compliance to the FAIR 
data principles13. Wilkinson et al. [12] proposed guidelines 
for Findable, Accessible, Interoperable and Reproducible 
data that would better support open data science.  
There are a number of possible approaches that could be 
taken to evaluate some of these guidelines based on the 
content of an ENVRI knowledge base: 
1. Findability. Which published data products include 

globally unique persistent identifiers? Are those 
identifiers included in the product metadata? What other 
core metadata does each published product include (or 
not include)? Does the RI provide an index or registry 
for search and discovery of data products? Does it 
contribute to any external registries? 

2. Accessibility. Can data product metadata be retrieved by 
a standard, open and free communication protocol, and 
if so, which one? Does the RI define an authentication 
and authorization process for accessing data, and does it 
use standard, open mechanisms? Are metadata 
accessible via some means even if the data product 
described is no longer available? 

3. Interoperability. What data formats, metadata schemes 
and controlled vocabularies are used to 
describe/represent (meta)data in the RI? Do those 
terminological resources comply themselves with the 
FAIR principles? 

4. Reusability. How rich are the metadata provided for data 
products? Under what licenses can data be used? Is 
detailed provenance included in the metadata, and does 
the RI include provenance tracking in its internal 
processes? Do RI (meta)data meet domain-specific 
community standards? 

Notably, such evaluation does not rely solely on the 
specification of data products (information view), but also on 
information about the services provided or delegated by an 
RI (computational view), the technologies used (technology 
view) and the general processes defined (science view). Thus 

                                                        
13 FORCE 11: https://www.force11.org/ 

the holistic multi-view specifications permitted by OIL-E 
using ENVRI RM stereotypes potentially allows for a much 
more sophisticated analysis of RI status that would be 
provided by (for example) a catalog of metadata schemes 
used by RIs for their primary data products.  
The detailed FAIRness assessment and analysis will be 
presented in a separated paper.  

VI. DISCUSSION 
The knowledge base and OIL-E are both the basis for more 
tools with which to support several useful functions.  

A. Semantic web technologies and knowledge base 
The Semantic Web relies on a number of foundational 
technologies for representing and associating semantics to 
information, including RDF [15], OWL [13] and SKOS [16], 
along with standards for interacting with semantic 
information (e.g., for search and discovery) such as 
SPARQL. Considerable attention has been given to the 
openness, extensibility, and computability of such standards, 
with different options for controlled vocabulary specification. 
While RI designs could be specified using something other 
than Semantic Web technologies (for example based on 
traditional relational database models), the openness and 
extensibility of the Semantic Web fit well with the 
heterogeneity of RI designs and the varying levels of detail 
specific aspects of RI design may or may not be modelled. It 
should also be noted that RI models are not themselves 
particularly large in terms of data volume. Indeed, they 
consist of relatively high-level and highly structured  
semantic information. This aspect also fits the Semantic Web 
knowledge graph meta-model. 

B. Advantages of a community knowledge base 
We can envisage a number of avenues of further development 
(or in most cases, alignment with existing developments for 
mutual benefit). These include: 
Cross-RI search and discovery. OIL-E provides a standard 
taxonomy for various entities and activities related to RIs, 
which can be used to classify different kinds of resources as 
part of a faceted search pipeline. An OIL-E knowledge base 
can act directly as a catalogue service for multiple RIs. 
However, this is not necessarily the best possible approach as 
OIL-E is optimized for describing RI design and 
contextualizing RIs' component parts, rather than providing a 
more traditional metadata scheme for describing RI 
resources.  
Faster RI specification using ENVRI RM. Detailed 
descriptions of RIs in terms of their architecture, core data 
products and processes allows for more in-depth 
investigations and comparisons of RI solutions to various 
technical problems. ENVRI RM provides the basis for such 
descriptions but requires a specialist’s expertise to be used 
effectively. It has previously been used manually, which 
resulted in the creation of a body of documentation for each 
modelled RI.  
Requirements recommendation. Using tools such as OIL-
E and the ENVRI knowledge base, it is possible to do a 
comparative analysis of the solutions provided by RIs in 
terms of technology and processes to address various 
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common problems regarding the handling of research data 
(among other aspects). Tools that can interact with the 
knowledge base on behalf of users, constructing and 
interpreting queries behind a user-friendly interface, could be 
very useful for taking full advantage of the corpus of 
knowledge resulting from RI modelling. 
Provenance exploration. There are two notable ways in 
which OIL-E data can interact with provenance data, 
especially data encoded to the W3C PROV standard [17]: 1) 
as linking data to various provenance repositories, 
contextualizing the role of the repositories and providing a 
reference to where the provenance is and how it can be 
extracted; and 2) as a validation framework. Given 
descriptions of RI processes encoded in OIL-E, provenance 
can be checked against those descriptions by mapping agents, 
entities, and activities to the correct OIL-E concepts and then 
checking whether the relationships described in provenance 
match those prescribed by the process model. 
Natural language based document analysis and 
annotation. A significant corpus of existing information 
about RIs exists in the form of written documentation 
produced by RI architects and developers. The ability to 
apply a framework such as OIL-E to annotate uploaded 
documents, identifying possible references to concepts 
defined in ENVRI RM in text, would be useful both to 
contextualize documents automatically and provide initial 
descriptions for the RIs and RI components described by the 
documents. Machine learning tools would thus provide a 
valuable additional source of data for the knowledge base, or 
to validate existing models of RIs. 

VII. CONCLUSIONS AND FUTURE WORK 
In this paper, we described how the ENVRI Reference Model 
(ENVRI RM) and its ontological representation (OIL-E) are 
used as the basis for building a community knowledge base 
for RIs in environmental and earth sciences.  
The development of the ENVRI knowledge base is ongoing. 
The current prototype demonstrates how an information 
corpus for RIs might be used to analyze and compare RI 
designs, as well as to document the technologies, software, 
and standards used by RIs in their operational contexts.  
The next major objective of the ENVRI community is to 
facilitate the adoption of the FAIR principles for research 
data gathered in the atmospheric, marine, solid earth and 
biodiversity domains, and to develop sustainable FAIR data 
services for research communities as part of the broader push 
towards better open data science and more seamless 
interoperability between different data providers.  
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