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Extended Abstract

Experimental science is not a linear process. As we have noted in our recent prior
work (2010a), publishable results routinely emerge at the end of an extended
exploratory process, which unfolds over time and may involve multiple collaborators,
who often interact only through data sharing facilities. This is particularly apparent in
e-science, where experiments are embodied by computational processes which can be
executed repeatedly and in many variations, over a large number of input
configurations. These processes typically encompass a combination of well-defined
processes encoded as scientific workflows, e.g., in Kepler (2006a), Taverna (2007a),
etc., or as custom-made scripts, operations that move data across repositories, etc.

Current implementations of e-science infrastructure are designed to support
primarily the discovery and creation of valuable data outcomes, while result
dissemination has largely been confined to “materials and methods” sections in
traditional paper publications. Spurred in part by pressure from funding bodies, which
are interested in maximizing their return on investment, the focus of e-science research
is now shifting on the later phases of the scientific data lifecycle, namely the sharing
and dissemination of scientific results, with the key requirements that the experiment
be repeatable, and the results be verifiable and reusable (2009a). The notion of
Research Objects (RO) has emerged in response to these needs (2010c). These are
bundles of logically related artifacts that collectively encompass the history of a
scientific outcome and can be used to support its validation and reproduction. They
may include the description of the processes used (i.e., workflows), along with the
provenance traces obtained by observing workflow execution.

Importantly, the view of the experimental process they provide is focused on a
selected few datasets that are destined for publication, rather than on the entire “raw”
exploration. As a result, such a view is a “virtual” one, in the sense that it represents a
linear and uniform account of the research, obtained by sifting through a possibly large
space of partial and possibly invalid intermediate results, which were generated at
different times (possibly by multiple collaborators with different environments).

The project described in this paper is set in the context of the Data Observation
Network for Earth (DataONE) NSF project'. The goal of the project is to support this
experiment virtualization step of the scientific data lifecycle, which we view as a
prerequisite to the creation of shareable Research Objects. We have termed the project
Golden-Trail, to emphasize that our architecture enables scientists to generate a
“clean” account of their most valuable findings (the “golden data”), out of many
possible, often only exploratory, analysis paths.

A number of challenges are associated to this idea: Firstly, it requires that
provenance traces generated from heterogeneous and independeny processes, possibly
operating on different e-science infrastructures, be combined into a single trace that
represents the virtual experiment. Two traces that represent the executions of processes
A and B logically “join” on any dataset produced by A and consumed by B.
Automating this join step, however, requires that the repositories used to hold the
intermediate data be “provenance-enabled” (2010b), and that the space of data
identifiers used by A and B be mapped to one another. In general, this requires an
explicit curation step with the scientist’s direct involvement.

! http://www.dataone.org
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Secondly, scientists may find it difficult to explore provenance traces unless they

can relate them to the original experiment design from which they were derived. Thus,
a specification of the experimental process, i.e., the set of workflows involved, must
accompany the traces if scientists are to carry out effective curation. With these
considerations in mind, Golden Trail involves the following elements:

A provenance model for describing the lineage of process-generated data. Unlike
existing provenance models, like the Open Provenance Model (OPM) (2011a)
which ignores the nature of the process that generated the data, our model includes
the description of the process specification in addition to the data dependencies
observed during process execution. Importantly, we aim to accommodate the most
common workflow models that are in broad use in e-science, including Kepler,
Taverna, VisTrails (2006), Pegasus (2008a), Galaxy (2010d), and eScience Central
(2011b). We denote our model D-OPM, to indicate that it is a backward-
compatible extension of the OPM;

A provenance repository for storing the “raw” provenance traces obtained from
multiple executions of one or more processes, which represent the actual
exploratory phase of scientific investigation;

A user environment for the semi-automated construction of virtualized accounts of
an experiment. The environment consists of two components: (i) a query interface
into the repository, by which the scientist can explore and visualize the space of
available traces, guided by the process specification part of D-OPM, and (ii) a
curation interface by which scientists provide the necessary mappings across data
generated by different traces (an explicit data curation step).

Implementation and Experimental Testbed

We have implemented a prototype for the Golden-Trail provenance repository that is
designed to be integrated with the main DataONE architecture (Figure 7).

Upload GUI | Query GUI |

GWT Client-Server Interface (GWT RPC) |

Builder
(Graphviz)

Graph ‘

Figure 1. Golden-Trail prototype architecture. The Neo4J graph database was used as
a data layer as it naturally matches the graph data model used to represent
provenance traces.
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Figure 2. Phylogenetics workflow (top) with provenance trace (bottom) from the
Kepler/pPOD package.

Our experimental testbed consists of a suite of pre-existing Kepler workflows,
prepared from the “Tree of Life”’/pPOD project (2008b). The pPOD testbed includes a
suite of workflows for performing various phylogenetic analyses, using a library of
reusable components for aligning biological sequences and inferring phylogenetic trees
based on molecular and morphological data. The workflows are divided into various
subtasks that can be run independently as smaller, exploratory workflows for testing
different parameters and algorithms, or combined into larger workflows for automating
multiple data access, tree inference, and visualization steps. A number of the smaller
workflows within pPOD are designed explicitly to be run over output generated from
other workflows within the suite.

Having demonstrated provenance interoperability and integration as part of a
previous effort (2010b), the emphasis has been less on experimenting with specific
provenance integration techniques. Instead, we focused on populating the repository
using multiple executions of multiple workflow fragments, each related to each other
through intermediate data products, and on testing query functionality to extract
Golden-Trails from the repository. More specifically, we demonstrate query capability
with different views of the result, including returning and rendering all or a portion of
a run graph, where nodes represent whole workflow runs, and possibly with data nodes
as intermediate connections, as the result of a query, emphasizing the lineage of data
across different e-science infrastructures.
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