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Abstract. Ecological niche models are essential instruments in the de-
velopment of strategies and policies in various application domains. The
development of ever better models requires that scientists and practi-
tioners are provided with (i) both the data and the processing capac-
ities they need on demand and (i) innovative mechanisms supporting
the effective sharing of such products at scale. This paper describes the
Ecological Niche Modelling service developed by the EUBrazilOpenBio
project. This service is offered by relying on a underlying Hybrid Data
Infrastructure (HDI) that () aggregates data, services and processing ca-
pacities from existing infrastructures and information systems and (i)
offers the aggregated resources in a seamless way. The paper presents
the overall architecture of the service and details how its constituents
have been developed by leveraging HDI offering on-demand data and
processing facilities.

1 Introduction

Ecological niche models [17, 16, 31] aiming at estimating the presence of a species
in a given area are essential instruments in the development of strategies and
policies in various application domains. For example, ecological niche models
have been used to predict the abundance and impact of invasive species [5, 21],
to model distributions of disease vectors at continental scales [15], to study
genetic diversity [29], and to study climate change consequences to biodiversity
[11, 24]. These models rely on occurrence records to investigate the relationships
between observed species presence and the underlying environmental parameters
that — either directly or indirectly — determine a species distribution in a known
area and use this information to predict the probability of a species occurrence
in other areas [18].

In order to support the production of these models in a large scale, it is
needed to develop innovative working environments for individual scientists po-
tentially having at their disposal scarce resources. These environments should

** e-mail of corresponding author: iblanque@i3m.upv.es
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support complex and iterative processes which include at least the following key
steps [16]: (i) identification of relevant data; (i) modelling, i.e., deciding how
to deal with the correlated prediction variables, selecting the appropriate algo-
rithm, training the model, assessing the model; and (#i7) mapping predictions to
geographic space.

Scientist normally take models created by experts and work with them. The
individual problem of creating a model, testing it and making a projection may
take few minutes, depending on the number of occurrence points, the algorithm
used and the resolution and number of layers. For instance, if the Brazilian
Virtual Herbarium would like to create models for their 31,718 angiosperms
species (18 Sept. 2012), and assuming that 30% of them will have enough points
to generate models, the computational cost will go beyond 10 months (495k
models, 540k tests and 90k projections). The problem will be even more complex
if the spatial resolution is increased, or if the models consider not only Brazil
and different climate conditions. Moreover, the models may be regenerated every
time new data is available for each species.

There are some developments that makes the realisation of these working en-
vironments feasible including the availability of data and tools. Having a critical
amount of species occurrence data is a pre-requisite to create a large repository
of models, which have the potential to make significant impact in conserva-
tion biology and conservation planning. The consolidation of large biodiversity
databases with high-quality data, such as GBIF [14], is a breakthrough in the
way that ecological niche modelling is made. While many areas of research,
such as life sciences, biomedicine or bioinformatics, are already benefiting from
this approach, the exploitation of massive computing and data resources to ac-
complish ecological niche modelling presents an unprecedented opportunity to
improve the quantity and quality of models available, also allowing the auto-
matic computation of new models for geographical areas or species that has
not been studied before. The availability of tools supporting the production of
ecological niche models, such as openModeller [25], is another opportunity for
scientists. openModeller is an open source software realising a single computing
framework capable of handling different data formats and multiple algorithms
that can be used in potential distribution modelling. The motivations leading
to its development result from the willingness to provide scientists with a uni-
fied environment for species’ distribution modelling. openModeler systematises
the steps related to data management and to the algorithms exploited for mod-
elling. It may exploit distributed computing resources through HTCondor [30]
but it requires tailored worker nodes specifically equipped with openModeller
libraries. It does not provide any facility for data discovery. It is expected that
users acquire data by themselves and transform them to the supported formats.
The current version supports a number of algorithms including ANN, Bioclim,
GARP, SVM, and Envelope Scores. Its functionality is offered via a command
line tool, a desktop tool as well as via a Web service.

However, there are some facts that makes the realisation of the envisaged
working environments challenging, namely (i) relevant data are potentially huge,
heterogeneous and scattered across many Information Systems, (éi) the produc-
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tion of models is a computational intensive task that potentially goes beyond
the capacities of an average single scientist.

This paper presents an innovative facility for ecological niche models that
benefits from the EUBrazilOpenBio Hybrid Data Infrastructure [9], i.e., an IT
infrastructure offering resource-as-a-service where the resources range from com-
puting capacities to data and software. The HDI offers a rich array of data and
data management services by leveraging other infrastructures (including Grid
and Cloud) and Information Systems. Thus the HDI acts as a mediator for
scientists by providing them with a unified and transparent way to access the
data they need and the computing power by borrowing them on demand from
heterogeneous providers.

The remainder of the paper is organised as follows. Section 2 gives a compre-
hensive description of the Ecological Niche Modelling facilities developed in the
context of the EUBrazilOpenBio initiative. In particular, the section reports ()
the overall architecture of the services collaboratively realising the needed facil-
ities (Sec. 2.1); (#i) the mechanisms and services supporting data management
(Sec. 2.2); (i) the mechanisms and services supporting effective data processing
(Sec. 2.3); and, (iv) the web-based environment providing scientists with user
friendly tools for niche modelling (Sec. 2.4). Concluding remarks are given in
Section 3.

2 The EUBrazilOpenBio Ecological Niche Modelling
Service

The EUBrazilOpenBio Ecological Niche Modelling service was devised to be
offered as-a-Service in the context of a biodiversity-oriented Hybrid Data In-
frastructure. It relies on a number of technologies including openModeller for
niche modelling core facilities. In essence, it manifests in a service that can be
used via a set of portlets or via a set of Web APIs (Application Programming
Interfaces). Behind the scene, a number of Web services and software libraries
contribute to realise the back-end needed to implement the resulting environ-
ment by integrating and interfacing with existing systems, infrastructures and
information systems.

2.1 Overall Service Architecture

Ecological niche modelling requires data-intensive processing capabilities. Figure
1 presents a schema of the Ecological Niche Modelling Service (ENM Service),
which was specifically conceived to leverage computing and data resources de-
livered as-a-Service by the EUBrazilOpenBio HDI.

A portlet (ENM GUI) facilitates the use of the ENM Service. This portlet is
integrated in the EUBrazilOpenBio Gateway®, which enables users with access
to a variety of tools to support collaborative research. The organization of such
tools in Virtual Research Environments (VREs) [8, 6] provides a practical way
in which users may effectively customize the tools to suit their specific needs.

3 EUBrazilOpenBio Gateway: https://portal.eubrazilopenbio.d4science.org/
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Fig. 1. Ecological Niche Modelling Architecture

In addition to the ecological niche modelling portlet, others, such as the Species
Data Discovery and Access Service (cf. Sec. 2.2) or the Workspace, are available
to assist users in preparing ecological niche modelling experiments and analysing
the results produced by these experiments.

The core services of the EUBrazilOpenBio infrastructure mainly rely on
gCube [7, 8] facilities and D4Science.org? support. Among these services, one
of the most relevant for ecological niche modelling is the Information System,
which is used to publish and discover information about the services available in
the infrastructure. The Storage Service is also important for storing results and
other information produced in the experiments, such as the execution traces.

Moreover, gCube provides a way to seamlessly integrate the different services
and applications that supports the execution of ecological niche modelling exper-
iments in the infrastructure. In particular, the services can be registered with the
Information Service, facilitating their discovery and usage. Service registration
has the additional benefit of not requiring endpoints with fixed paths. Instead of
associating a service with a specific endpoint, clients can search the Information
System for the services they need. Also, gCube provides system administrators
with a way to automatically deploy their services to the gCube Hosting Nodes
(gHN). These nodes are continuously monitored and, in some cases, corrective
actions can be taken in a fully automatic way.

GUI operations are implemented through the ENM Submission Service, which
manages the complete lifecycle of the experiments submitted from the GUIL. How-
ever, the OMWS2 Service is the central entry point to the ENM Service, provid-
ing access to the computing back-ends that are available to execute ecological
niche modelling experiments in EUBrazilOpenBio. The access to these com-
puting facilities can occur in several ways: (i) through PMES-COMPSs [23] to
access Cloud-based resources; or () by using customized services to access com-
putational clusters managed with HTCondor. The interaction with the OMWS2

4 Ddscience.org: http://www.d4science.org
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Service, no matter how the access to the computing back-end is carried out, is
achieved through a common set of operations provided by the OMWS® API.

By using this approach, a variety of OMWS clients, including the openMod-
eller Desktopﬁ, are supported directly in EUBrazilOpenBio. In this way, users
have also the option to either use the openModeller Desktop or any OMWS-
compatible client to access directly the OMWS2 Service offered by the infras-
tructure through a dedicated endpoint”.

The version 2 of the openModeller data format (OM2)? is the language used
to intercommunicate the different processes, components and services that make
up the ENM Service.

2.2 Data Management

In order to support the ecological niche modelling service, the EUBrazilOpenBio
infrastructure should provide facilities for managing (7) biodiversity data, namely
species occurrences, (4i) environmental data, and (iii) file-oriented content. The
former two typologies of data are used as input data for the niche modelling
activity, while the latter is used for storing data accompanying a modelling
activity including experiment specification, execution logs, and static images
resulting from model projection.

For biodiversity data, the EUBrazilOpenBio HDI has been equipped with
the Species Data Discovery and Access Service (SDDA). This service provides
users with seamless access to both nomenclature data and species occurrences
from major information systems including GBIF [14] and speciesLink [2] for
occurrence data, CoL [28] and List of Species of the Brazilian Flora [1] for
nomenclature data. The SDDA service promotes a data discovery mechanism
based on species name(s), either the scientific name or the common name of the
target species. Moreover, to overcome the potential issues related to taxonomy
heterogeneities across diverse data sources, the service supports an automatic
query expansion mechanism, i.e., the query might be augmented with “similar”
species names. Also, queries might be augmented with criterion aiming at ex-
plicitly selecting the databases to search and the spatial and temporal coverage
of the data. Discovered data are presented in a homogenised form, e.g., in a typ-
ical Darwin Core [32] format. The service is designed to promote the openness
with respect to the information systems it is capable to interface. In fact it is
sufficient to implement (or reuse) a plug-in in order to enlarge the number of
information systems and data sources integrated into SDDA. Each plug-in inter-
acts with an information system or database by relying on a standard protocol,
e.g., TAPIR [12], or by interfacing with its proprietary protocol. Every plug-in

> OMWS v. 2 Definition: http://openmodeller.cria.org.br/ws/2.0/
openModeller.wsdl

¢ openModeller Desktop: http://openmodeller. sourceforge.net/index. php

" EUBrazilOpenBio OMWS2 endpoint http://enm. eubrazilopenbio.d4science.
org/om/omws2

8 openModeller v. 2 data format: http://openmodeller.cria. org.br/xml/2.0/
openModeller.xsd
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mediates queries and results from the query language and data model envisaged
by SDDA to the requirements of a particular database.

For environmental data, the EUBrazilOpenBio HDI has been equipped with
services realising the facilities of a Spatial Data Infrastructure (SDI) by rely-
ing on state-of-the-art technologies and standards. In particular, for the sake of
the niche modelling, the infrastructure offers standard-based services for data
discovery (a catalogue), storage and access (a federation of repositories), and
visualisation (a map container). The standard-based catalogue service enables
the discovery of geospatial data residing in dedicated repositories by relying
on GeoNetwork [27] and its indexing facilities. GeoNetwork is the OGC rec-
ommended catalogue supporting 1IS019115, ISO19119, and ISO19110 metadata
standards represented and transported via the ISO19139 standard. For data
storage and access, EUBrazilOpenBio relies on a federation of repositories built
by relying on GeoServer [20] and THREDDS [26] technologies. In essence, the
infrastructure hosts a number of repositories and a GIS Publisher Service that is
conceived to enable the publication of geospatial data by relying on an open set
of back-end technologies for the actual storage and retrieval of the data. Because
of this, the GIS Publisher Service is designed with a plug-in-oriented approach
where each plug-in interfaces with a given back-end technology. To enlarge the
array of supported technologies it is sufficient to develop a dedicated plug-in.
Metadata on available data are published via the GeoNetwork catalogue. For
data visualisation, the infrastructure offers Geo Explorer and GIS Viewer, two
components dedicated to support the browsing and visualisation of geospatial
data. In particular, the Geo Explorer is a web application that allows users to
navigate, organize, search and discovery layers from a GeoNetwork instance via
the CSW protocol. The GIS Viewer is a web application that allows users to
interactively explore, manipulate and analyse geospatial data.

For file-oriented content, the EUBrazilOpenBio HDI has been equipped with
the gCube Storage Manager, a Java based software library that presents a unique
set of methods for services and applications running on the infrastructure and
willing to store files. This software library relies on a network of distributed stor-
age nodes managed via specialized open-source software for document-oriented
databases. In its current implementation, two possible document store systems
are used [10], MongoDB and Terrastore, while the implementation relaying on
a third one, U.STORE [13], is ongoing. The software library was designed to
promote the openness with respect to the storage back-end technology thus to
reduce the time required to add a new storage system to the HDI and rely on it.
In essence, it is sufficient to develop a specific mediator, deploy it and configure
the Storage Manager accordingly.

2.3 Data Processing

Most of the ecological niche modelling experiments that are performed in EU-
BrazilOpenBio go through several stages of computation before a final result
can be obtained. This is the case, for example, when a new model is computed
with high-resolution climate layers (e.g., 30-arcsec WorldClim Version 1.4 Bio-
climatic Variables [19]) for a large number of species occurrence points, and
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then validated using a statistical approach based on cross-validation —which is
the common practice currently. This process may take several hours or days to
complete, depending on the complexity of the modelling algorithm. The EU-
BrazilOpenBio infrastructure relies on Distributed Computing Infrastructures
(DCI), such as Grid and Cloud computing systems, to provide users with access
to massive computing and data resources, which contributes to reduce the av-
erage execution time. Through the use of these systems, users have found that
in some cases it is more effective to run several experiments in parallel rather
than sequentially. After the experiments are completed, the result can be anal-
ysed and compared by the expert to select manually the models with sufficient
quality to be used in further studies.

The openModeller web service interface (OMWS)? provides common pro-
grammatic access to the ecological niche modelling facilities that are made
available in an open-access form to scientists and developers through the EU-
BrazilOpenBio infrastructure. OMWS was extended to meet the specific require-
ments for the execution of multi-staging and multi-parametric experiments [4].
These extensions were planed and undertaken in conjunction with the openMod-
eller developers team to make them available to the openModeller community.

One of the main advantages of OMWS is that allows the complete specifica-
tion of ecological niche modelling experiments, using the resources available in
the infrastructure. This includes the occurrence datasets required to build and
test models, the parameters of the modelling algorithms and the information
to access the climate layers. Besides the expected operations to submit new ex-
periments and to retrieve the results of already completed ones, OMWS defines
operations that enable clients to discover which ecological niche modelling algo-
rithms the service offers, as well as the climate collections that are available to
the clients. Even though biodiversity databases can be directly queried for oc-
currence points, the SDDA service (cf. Sec. 2.2) provides an integrated, seamless
interface for combining results from several databases in the same query.

However, OMWS does not cover all the aspects that are encountered in
a multi-tenant application. A further, important consideration in any realistic
application is the identification of the user who initiated the experiment request.
This feature is not readily supported in the OMWS specification, but it is needed
to: (i) manage (e.g., index or query) the experiments submitted by a specific user;
and (#) plan the use of the resources effectively, prioritizing critical requests
(e.g., from a priority project) over non-critical ones, helping to ensure that the
infrastructure would support the required performance.

This last aspect has been addressed in the ENM Submission Service (cf. Fig.
1), which is a separate service that manages the complete lifecycle of the ex-
periment. In addition to keeping track of the experiments, the ENM Submission
Service monitors the progress of the execution, automatically resubmitting failed
jobs and managing the products of the experiments. This relieves applications
of accomplishing such goals. Ecological niche models, as well as model projec-
tions and statistical results that are produced in the experiments, are initially

9 The openModeller Web Service: http://openmodeller.sourceforge.net/web_
service.html
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stored in the computing back-end where the experiment is actually executed
and then transferred to a shared storage in the infrastructure, before users can
use them. This is also the case for the execution traces, which follow a similar
pathway. The ENM Submission Service periodically checks the completion of the
experiments and moves the results and the execution traces to their final loca-
tion in the infrastructure. An interesting feature of the ENM Submission Service
is that its public API, which is accessible from the GUI, uses the information
that is locally available to the service. This means that when a user queries the
ENM application for the status of his/her experiments, the ENM Submission
Service will return the last status retrieved by the monitoring system, instead of
querying recursively the computing back-end where the experiment is actually
executed. In this way, the possible delays due to the network traffic are hidden
from the user, contributing to provide a sense of real-time interactively in the
ENM application.

The OMWS2 Service is a server implementation compatible with the OMWS
Version 2.0 API. Contrary to the openModeller server, the OMWS2 Service does
not connect directly with either the ecological niche modelling library or the
job scheduler'®. Instead, the OMWS2 Service uses the Orchestration Service of
the infrastructure to select the most appropriate computing back-end for the
execution of the experiment. The Orchestration Service is a meta-scheduler that
dynamically discovers the available execution resources and performs a mapping
between requests and resources, based on the requirements of computing power
and data availability of the request (e.g., access to a specific modelling algorithm
or climate layer set) and the workload of the resources.

Another major difference is that the OMWS2 Service can be extended with
new plug-ins to new computing back-ends. EUBrazilOpenBio provides plug-ins
to access PMES-COMPSs services [23] and OMWS2 instances. The VENUS-
C Cloud infrastructure [3] and a dedicated HTCondor cluster [30] are the two
major providers of computing resources in the infrastructure. While VENUS-C is
accessible through a PMES-COMPSs service, HTCondor is not publicly available
in the infrastructure and the OMWS2 API provides access to this resource.

The OMWS2 Service does not necessarily require synchronized ecological
niche modelling facilities —same version of the ecological niche modelling al-
gorithms are not needed— or data between the different computing resource
providers because this information is readily accessible to the Orchestration Ser-
vice, which allocates the resource according to it. In the case of the climate
layers, missing layers are automatically downloaded to the local storage of the
computing back-end from the GeoServer.

One of the most important details of the EUBrazilOpenBio ecological niche
modelling service is that it connects users with experiments and computing re-
sources. For example, when a user submits a new experiment to the infrastruc-
ture, the ENM Submission Service automatically registers the submission date
and other details that may be important to the user. The request itself is stored
as a document based on the openModeller data format that can be copied, edited
or shared with other users of the infrastructure. Similarly, the OMWS2 Service

10 openModeller Server: http://openmodeller.sourceforge.net/om_server.html



IBERGRID 2013 183

registers where the request was sent to — the computing back-end where the
experiment is actually executed —, as well as the identifiers assigned in the com-
puting back-end to the jobs that are included in the experiment execution. In
this manner, the information of the experiment can be retrieved and presented
to the user in the most appropriate way. One of the most useful reports allows
the user to list his/her experiments, filtering and sorting the list in various ways.
This is addressed in detail in the Section 2.4.

The experiment information is stored in two different databases: the user
information is stored in the accounting database, while the allocation database
stores the information of the resource. These databases only share the identifier
of the experiment, which is unique across the infrastructure. The accounting
database is accessed mainly from the ENM Submission Service and is designed
to provide fast access to the details of the experiments of the authenticated user.
On the other hand, the allocation database is mainly accessed to consult the
status of completeness of an experiment from the OMWS2 Service. Therefore,
this database is optimized to support this kind of access.

2.4 The Graphical User Interface

Usability is one of the key aspects that drive the adoption of new tools and
applications. In EUBrazilOpenBio, the use of well-established tools and proto-
cols, such as openModeller and OMWS, allows the engagement of prospective
users in the design and validation of the ENM Service, enabling a broader user
community the ability to evaluate the service and provide their feedback. Since
the interface of the service was designed to be compatible with OMWS, any
application that implements this API can easily access the computing and data
capabilities provided by EUBrazilOpenBio.
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Fig. 2. Ecological Niche Modelling Experiment Editor

However, there is a group of features that were developed in EUBrazilOpen-
Bio to improve data utilization and are not available in OMWS. These features
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include the possibility of creating new data collections, for example, by querying
simultaneously several databases for occurrences. Moreover, users may upload
their own geospatial datasets, which is not possible with OMWS. Data collec-
tions and research findings can be shared with other researchers.

All these improvements in data management have lead to the design of a
new GUI for ecological niche modelling. This new GUI was conceived as an
experiment-centric environment that provides the necessary methods to retrieve,
filter and format the input parameters for the experiment, and also to submit
the experiment for execution on the computing back-ends, retrieve and analyse
its results. Fig. 2 shows a screenshot of the ecological niche modelling exper-
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Fig. 3. Ecological Niche Modelling Experiment Explorer

iment editor, which is the main entry point of the GUL Although the design
of the interface was initially inspired by openModeller Desktop, the new GUI
has introduced many features that are not present in this application. Among
these features, the improvement of the sampling capabilities is an important
characteristic of the GUI that allows users to set-up their occurrence datasets
to be usable for cross-validation, bootstrapping or sub-sampling, depending on
the desired validation strategy. Fig. 3 shows a screenshot of the ecological niche
modelling explorer, which list all the experiments and provides access to the
results and the report generation facilities. Report tools were also redesigned
to produce more expert-like interpretations of the results, including compara-
tive charts, tabular views, error analysis reports, etc. Moreover, results can be
exported in comma-separated values (CSV) file format, which facilitates their
analysis with other tools as well as format them for papers and reports.

For models visualisation, the GUI relies on the fact that these are published in
the SDI. Fig. 4 shows a screenshot of the geospatial information viewer. Projected
models can be selected to visualize them in the same view, thus facilitating
the comparison of different predictions (e.g., different modelling algorithms or
different climate layers).
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However, the most significant difference between EUBrazilOpenBio and other
applications based on OMWS is that our service is the first implementation of
the version 2.0 of this protocol. For this reason, the ENM GUI has a number
of unique characteristics and advantages for the type of experiments that are
addressed with this new release of OMWS. For example, the ENM GUI facilitates
the realization of multi-parametric studies that involve variation in one or more
parameters, such as different climate conditions or ecological niche modelling
algorithms with customized parameters.

3 Concluding Remarks

The effective and large scale production of ecological niche models is a data and
computation intensive gas that calls for innovative working environments. This
paper presented the innovative set of facilities developed by EUBrazilOpenBio
infrastructure to leverage Hybrid Data Infrastructure offering where data, com-
puting capacities and services are made available transparently and on demand.
In particular, the set of services developed to realise the expected facility have
been discussed ranging from those supporting the access to the diverse typolo-
gies of data to those oriented to support the execution of tasks by relying on
diverse computational facilities. All of these services have been integrated in a
Service-oriented application.

The potential benefits resulting from this environment are both quantitative
and qualitative. Experimental results [22] demonstrate that the ENM service
reaches good performance running on an on-demand provided environment (with
an average performance loss around 9.6% with respect to a dedicated cluster),
reaching a speed-up above 5 with the 10 machines. The potential benefits of such
an integrated environment are evident from the final user perspective since they
are provided with a working environment offering the data and the tools they
need, thus they can focus on the scientific investigation only.
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EUBrazilOpenBio is starting a validation process to assess the impression of
final users on the whole platform, considering performance and usability. More-
over, a sustainable plan is being defined which will use this validation input to
define assets and future exploitation opportunities.
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