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The EU VERCE project, Virtual Earthquake and seismology Research Community e-science environment in Europe, has pioneered
a federation of independent and autonomous organisations and publicly funded data and computational resources providers. It delivers a
comprehensive integrated and operational virtual research environment (VRE) and E-Infrastructure that empowers a broad base of seismology researchers in Europe to harvest the new opportunities provided by data-driven high-performance full waveform simulations (FWS),
together with a data-intensive framework for collaborative development of innovative statistical data analysis methods. This is accessed
and organised via the VERCE science gateway, from any location via the Internet, that puts together computational and data-intensive
research into the same framework, integrating multiple data sources and services provided by the FDSN, ORFEUS and EUDAT. It provides
a context for tools and workflows, and maps user actions to the full gamut of the federated platform resources, activating the necessary
behind-the-scenes automation and transformation. Other novel elements include: a data-streaming workflow and mapping system, i.e.,
dispel4py, a pervasive provenance system that delivers provenance-triggered actions and exploration of results, and the integration of
diverse architectures spanning HPC clusters and Clouds.
A crucial innovation is the agile strategy that VERCE introduced, intimately coupling research thinking with technological innovation in a
multi-organisational context. As well as delivering a VRE and an E-Infrastructure, VERCE developed very effective communication culture
– a mutual understanding and active networking that is an invaluable asset for the future of the the larger community.
As such VERCE is a major contribution to to the European Plate Observatory System, the ESFRI initiative of the solid-Earth
community that has entered in its implementation phase.

The Virtual Research Environment
VERCE has developed a comprehensive and integrated virtual research environment (VRE) for computational and data-intensive seismology integrating multiple data
resources and services of the community, e.g. FDSN, ORFEUS-EIDA, GCMT, etc. The VRE meets a range of seismic research needs by eliminating chores and technical
difficulties to allow seismology researchers from anywhere in Europe, whether or not they belong to well-resourced groups, to focus on their research questions and tackle
new data-intensive challenges. It accommodates users with different levels of expertise. Some require an advanced programming environment, while others require results
from simulations using their chosen input configurations and parameterisations.
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The scientific gateway, see Fig. 4, web accessible, provides an integrated view of all the available federated resources, codes and
tools, makes it convenient for seismologists with different levels of expertise to uniformly access these resources and use them in
their research practice. It combines scientific workflows behind user-oriented and context dependent interfaces, provides run-time
feedback, flexible and tunable provenance-based information, handles continuity between sessions and encourages collaborative
research with shared data and methods.

•

The framework for computational seismology, a user-oriented integrated FWS service within the gateway, accommodating wallestablished simulation codes, e.g. SPECFEM3D, arranging automated use of combined computational and data facilities, including
the supply and validation of diverse sharable inputs, e.g. such as meshes and Earth models, the handling of multiple data sources,
e.g. such as those of the FDSN, the acquisition of results and provenance information, the evaluation of them against observations
to refine putative physical models.

•

The framework for data-intensive methods, see Fig. 3, a developer-oriented framework linked to the science gateway, allowing
advanced researchers to remain in full control of the development and application of their data analytic methods, using their usual
working environment and tools, e.g. ObsPy, and providing them with capabilities, e.g. dispel4py for composing their methods
and implementations in fine-grained workflows, handling data streams with a pervasive provenance system, integrating diverse
data management systems and services, and automating their mapping onto different DCI architectures.

•

The research platform, an operational resilient platform balancing flexibility with performance, federating and combining diverse
computing and data resources provided by the VERCE partners and the European infrastructure providers, such as PRACE and
EGI’s Grid, together with a number of monitoring software components.

•

The data lifecycle management, across the VERCE federation that integrates diverse data-management systems, including files
and database systems, together with a federated iRODS-based system for caches and persistent storage of observations, results
and metadata.

•

The mapping to multiple Distributed Computing Infrastructures, handling identity management and authority controls, transformation between representations and protocols, and access to resources.

•

The extensive collection of data handling services and components that are used at different stages in the above contributions, as
well as extensible coupling with seismology and external data services, and ingest capabilities for non-standard and bulk data.

•

The Pervasive generic provenance system, see Fig. 4, that represents provenance in compliance with W3C-PROV2 recommendation, from multiple distributed sources and makes it available as a coherent resource which is used by visualisation, data
management, data transport and progress management tools for the benefit of seismologists.
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The present VERCE E-Infrastructure involves the following major elements:

•
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Fig. 2: The VRE accommodates users with different levels of expertise and
requirements. The development was driven by selected cutting-edge computational and data-intensive analysis applications of the seismology community.
It balances flexibility with new integrated capabilities providing a fluent path
from research innovation to production. It delivers to a broad base of seismology researchers in Europe an easy to use computational framework for highperformance full waveform simulation and misfit calculation, together with a dataintensive framework for collaborative development of innovative statistical data
analysis methods, all of which were previously only accessible to a small number
of well-resourced groups.
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For more details, oral presentation IN34A-01, dispel4py: An Open Source Python Framework for Encoding, Mapping and Reusing Seismic Continuous
Data Streams: Intensive Analysis and Data Mining, today at 16:00, Moscone West, 2020.

The VRE enables active researchers to invent and refine scalable methods for innovative statistical, data-intensive analysis of seismic waveforms in a wide range of applications, e.g. detection and restoration of a wide variety of sources or time dependent imaging of the Earth’s interior properties. It supports the development and deployment
of the diversity of methods and implementations, providing the dispel4py data-intensive framework integrated with the platform and data-handling services. This enables
seismologists to use their familiar Python tools, e.g. such as ObsPy, but once they have refined their methods to encode them as abstract streaming data workflows that
can be automatically mapped onto data-intensive clusters or Clouds. The VRE empowers active researchers with new capabilities to explore options and to make rapid
innovations.

Figure 5: Misfit Analysis: User interface of the waveform-processing component, allowing the composition and parametrisation of the data-processing pipelines on raw and synthetic data

Simply integrating, presenting and tailoring technologies does not complete the VRE. Induction of new seismology researchers and engagement of committed resource
providers and computing experts is crucial for a return of investment and a sustained future. To smooth the path for seismologists from first use to expert routine use, VERCE
provides a number of “intellectual ramps”, incorporated within the science gateway design, an extensive set of training sessions, best-practice guides and exemplars, that
ensure new users encounter minimum hurdles at the start, and can progress to sophisticated use of the full facilities without encountering steep learning curves. The VRE
provides wide expertise, including seismologists, software developers, data scientists, ICT researchers, performance engineers, data and computational resource providers,
all working effectively together. It offers exceptional opportunities for young scientists to get involved, and to develop data analysis skills and computational thinking necessary to tackle new challenges in solid-Earth sciences. The VERCE VRE is a “knowledge base” for the community, producing tuneable and discoverable provenance
information accelerating adoption and sharing of methods and results, smoothing the path towards open-science behaviour while stimulating faster research progress.

Fig. 4: The science gateway combines interactively simulation and data analysis workflows behind user-oriented and context independent
interfaces. Via standard geospatial interfaces, seismologists choose their region of interest by mesh name which then exposes the existing
models and available seismic stations. Users can also supply their own private mesh and velocity model. They can select or supply seismic
stations and events to be used, recorded waveforms, and compose their pre- and post-processing pipelines at each stage. Then they
select accommodated simulation codes and submit their simulation runs on different DCIs. This is organised as interactive components that
are presented as interactive working-spaces, tailored by research practice, holding data and allowing seismologists to work independently
on each phase. The science gateway provides run-time feedback, flexible and tuneable provenance-based information to users, enabling
them to make decisions that have immediate effects. An operational example is the provenance-based runtime shipment of intermediate
data from a DCI to external systems to make them immediately available for rapid evaluation or further |mpaNoteprocessing. Persistent
Identifiers are assigned to each data product already at run-time. Users search for runs and data products by submitting metadata queries
as value ranges. They examine search results by browsing the metadata associated with the data stream, including data relationships. The
dynamic of this exploration develops very detailed insight into the workflow’s logic.
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Fig. 1: The VERCE E-Infrastructure illustrated by the orchestrated full waveform simulation and misfit analysis workflow and the system
interactions on which they depend.

Figure 4: dispel4py experimental registry: Prototypical interactive tool for the composition of pro-
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using their familiar Python
in their usual work environment, but to encode them as graph of operations, e.g. instances of Python
classes referred here as Processing Elements, coupled together by data streams, made by Python operations on these classes that may
use |mpaNotevarious communication mechanisms and compression. Initial sets of PE classes can be downloaded as a Python library.
Both scientists and experts extend the set of PEs by writing their own algorithms or wrapping legacy algorithms using Python’s extensive
scientific libraries. Composition of dispel4py processing pipelines is helped by an interactive and user-oriented tool. When the script is
run, an optimised graph is built as Python objects and the graph is mapped onto diverse architecture targets with appropriate pipelining and
parallelisation. Data streaming capabilities of dispel4py lower overheads, e.g. fine-grained workflow, handle streams and minimise the
load placed on the I/O bottleneck.

The VRE empowers seismologists to harvest the new opportunities provided by well-established and mature high-performance wave simulation codes, such as
SPECFEM3D, inducing new research practices in earthquake hazard and risk mitigation, and Earth imaging. The VRE interactively presents full waveform simulation
and misfit analyses through the scientific gateway with all of the stages automated and configurable, enabling seismologists to specify and steer their analyses selecting
Earth models and meshes, retrieving and marshalling observations (stations, waveforms, earthquake events) from multiple FDSN sources, parameterising and organising
job submissions with codes already tuned and accommodated at the provided distributed computing resources. The provenance system helps them to manage a series
of runs and analyses, to merge and match information about simulation results and observations, trigger data movement to map data analyses to different computational
architectures including Cloud, to visualise and explore bundles of data, and to send collections of results to the next stages.
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D-SA3.5: Scientific gateway: Final report on components, services and tools integration, and
usage

➁

Data ingest tools

➂

➃

➄

➅

C OPYRIGHT c VERCE P ROJECT, 2011-2015

VERCE has pioneered cross-border procurement of computational and data services and infrastructures, and fostered collaborations with
other European initiatives, such as the EGI Fed Cloud. It showed the way how new computational and data analytics capabilities can be
delivered to the community inducing new research practices. The VERCE strategy was to engage committed seismology users and developers, data scientists, ICT researchers, data and computational providers to use co-design and co-development to overcome limitations that
seismologists would otherwise experience. This avoids wasteful bouts of technology centricity where technologists collect requirements and
develop a system that is not used because the ideas of the planned users have moved on. Without such an agile strategy, users would have
run away rather than engaged with VERCE. VERCE achieved this by making progress along four research tracks: rapid scientific algorithm
integration, intelligent provenance-based data movement, use of Cloud computing, and harnessing the power of open-source development
for science. VERCE has already successfully built a nucleus of highly talented and strongly motivated early career researchers in numerous
geophysical research groups in Europe who will now play a central role in delivering the goal of the EPOS implementation phase and make
it a success. While arguments for generating and collecting data are well rehearsed in EPOS-IP, as are those for archiving, curating, distributing and preserving data, EPOS will build on VERCE as well as on its momentum, to implement its computational Earth sciences and
to steer solid-Earth research practice towards practical and usable data-intensive methods that accommodate the scales and complexity of
data and the diverse forms of analysis and modelling. Within EPOS, the VRE will continue to grow as well as the investment in training.
There is a challenge to raise the activation energy to make that transition, which requires clarity about the benefits.
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