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[bookmark: h.d968b8j17zps]Abstract
Academics consume and create data in ever increasing quantities. Petabyte-scale data is no longer unusual on a project level, and even more common when looking at outputs of whole research institutions. Despite the large amounts of data being produced, data curation is relatively less well developed. In 2014 Imperial College London ran a research data management (RDM) pilot. Designed as a bottom-up, academically-driven initiative, six “Green Shoots” projects were funded to identify and generate exemplars of best practice in RDM. The Green Shoots form part of a wider programme designed to help the College to develop a suitable RDM infrastructure and to embed best practice across the university. This article sets out the context for the initiative, describes the development of the pilot, summarises the individual projects and discusses lessons learned.
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[bookmark: h.kb9qkfcu1z1v]Introduction
The research sector may be unique among large-scale data producers in that it has little systematic knowledge of what data it generates, processes and stores. Arkivum, a company specialising in research data curation, estimate that the total research data volume across UK Higher Education institutions might be somewhere between 450 petabyte (PB) and 1 exabyte.[endnoteRef:1] It is relatively easy to establish how much data certain central scientific infrastructures produce: 15 PB annually for the Large Hadron Collider[endnoteRef:2] and an estimated 10 PB a day for the Square Kilometer Array that is due to go online in 2020[endnoteRef:3]. However, what researchers do with the data and how much data is generated every day in smaller facilities and on the PCs of individual academics can only be estimated. Academic research is organised in a decentralised way, and researchers often procure their own storage solutions, including personal laptops, cloud storage, additional hard drives or even memory sticks. Even within disciplines there is not always a standard for metadata, and long-term data ‘curation’ is often based on buying a bigger hard disk when a new project has been funded. [1:  Addis, M. Estimating Research Data Volumes in UK HEI [Internet] figshare 2015 Dec 03 [cited 2015 Dec 11]. Available from: https://dx.doi.org/10.6084/m9.figshare.1577541. When stating the estimate of 450 PB the report refers to “English” HEI, but data is provided for the UK. It should be noted that estimates are based on multiplying the estimated data per researcher with the number of academics – this may be a viable approach on a national level but underestimates the data generated by a university that, like Imperial College, focus on data-intensive subjects.]  [2:  LHC the guide. CERN. [Internet] 2009 Feb. Available from: http://cds.cern.ch/record/1165534/files/CERN-Brochure-2009-003-Eng.pdf ]  [3:  Barwick, H. SKA telescope to generate more data than entire Internet in 2020. [Internet] Computerworld. 2011 Jul 07 [cited 2015 Oct 05]. Available from: http://www.computerworld.com.au/article/392735/ska_telescope_generate_more_data_than_entire_internet_2020/] 

[image: ]Figure 1 research data storage options used by Imperial College researchers in percent, based on a 2014 online survey with 400 responses

Not only does the lack of systematic data curation put data at risk, it also makes it harder for universities to develop suitable data management strategies as they have little knowledge of the scale of the challenge. Research organisations have to ensure that valuable assets are well curated, especially when the reputation of their research may depend on being able to produce data supporting claims made in scholarly publications. Universities and academics also have to comply with funder requirements. In the UK, the government’s Research Councils are the largest funders of research grants and contracts. Their policies (and those of other key funders, notably biomedical charities such as Wellcome Trust) require authors to make publications and data freely accessible. From May 2015, all organisations in receipt of funding from the Engineering and Physical Sciences Research Council (EPSRC) are expected to meet a set of RDM requirements, including effective data curation throughout the lifecycle and data preservation for a minimum of 10 years.[endnoteRef:4] [4:  Expectations [Internet] [cited 2015 Oct 05]. Available from: https://www.epsrc.ac.uk/about/standards/researchdata/expectations/] 

Relying on the threat of funder compliance can be a motivator, but it also carries risks. Universities can be tempted to ‘buy compliance’, for example by procuring expensive data storage infrastructures at a time when it may not be clear how much demand there really is – especially as storage is arguably not the main challenge for research data management. Academics may meet compliance requirements with resistance or with doing the absolute minimum required to appear to be compliant. In order to meet funder requirements, and to benefit from investments in the scholarly communication infrastructure, universities therefore need solutions that are fit for purpose and encourage academic engagement – ideally by fitting right into and adding value to research workflows.
This is particularly true for Imperial College London. As a leading research-intensive university with a focus on data-driven subjects, the College cannot afford to get its approach to RDM wrong. In order to engage academics and get input into RDM service planning, Imperial College ran the ‘RDM Green Shoots’ initiative in the second half of 2014. This article describes the programme, the pilot projects and the lessons learned.
[bookmark: h.m7fm6ucwu4yn]Research Data Management Planning at Imperial College
Imperial College London was established in 1907 as a merger of the City and Guilds College, the Royal School of Mines and the Royal College of Science. Since then it has retained a focus on science, and it is currently organised in three faculties: Engineering, Medicine and Natural Sciences, plus the Imperial College Business School. Some four thousand academic and research staff publish over ten thousand scholarly papers per year – and create petabytes of research data. While the amount of data generated can only be estimated, we know that Imperial College is the university with the largest data-traffic into Janet, the UK’s academic network.[endnoteRef:5] [5:  According to information provided by Jisc, the organisation behind Janet, in September 2015.] 

Holding the largest share of EPSRC funding with over £57M of income from them in 2014, Imperial College is particularly affected by the funder’s research data policy. Hundreds of EPSRC-funded investigators across the College create data that has to be stored, curated, published, made accessible and preserved – potentially indefinitely as EPSRC requires data retention for ten years from the last date of access. Simply publishing the data is not enough. In order to be useful it has to be discoverable and reusable, and that requires good metadata and suitable file formats.
This is not just important for funder compliance. Data generated by researchers is a valuable asset for the College. Imperial researchers estimate that the cost to recreate research data would be at least 60% of the original award.[endnoteRef:6] Preserving data is an important part of research integrity; the reputation of the institution may be at stake if published research findings cannot be backed up with data. Some data also has immediate economic value, and with the growing importance of data-driven research even datasets that currently appear to be of limited use could become valuable in the future. To support the transformation to data-driven science and realise the potential of its digital assets, Imperial College established a Data Science Institute[endnoteRef:7] in 2014. [6:  In some cases this can go up to 100%; based on interview undertaken with Imperial academics in late 2014 and early 2015.]  [7:  Data Science Institute [Internet] [cited 2015 Oct 05]. Available from: http://www.imperial.ac.uk/data-science/] 

In 2014 the College also released a Statement of Strategic Aims that set out the roles and responsibilities regarding research data management across the organisation. To expand this document into a fully-fledged RDM policy[endnoteRef:8] with an appropriate support infrastructure, the College set up a consultation and fact-finding process. The aim was to establish current practice in RDM, including how much data is generated across the College and how it is curated, and to identify requirements for a College-wide data infrastructure. The RDM Green Shoots were part of this wider activity. [8:  Research Data Management [Internet] [cited 2015 Oct 05]. Available from: http://www.imperial.ac.uk/research-and-innovation/research-office/research-outcomes-outputs-and-impact/research-data-management/] 

[bookmark: h.qg0r7lmvn3mu]The Green Shoots Initiative
Green Shoots was designed as a bottom-up initiative of academically-driven projects to identify and generate exemplars of best practice in RDM. The College’s RDM working group, where the idea originated, was particularly interested in frameworks and prototypes that would comply with both key funder policies and the College’s position on RDM:
‘Imperial College is committed to promoting the highest standards of academic research, including excellence in research data management. The College is developing services and guidance for its academic and research community in order to foster best practice in data management and to facilitate, by way of a robust digital curation infrastructure, free and timely open access to data so that they are intelligible, assessable and usable by others. The College acknowledges legal, ethical and commercial constraints with regard to sharing data and the need to preserve the academic entitlement to publication as the primary communication of research results.’ [endnoteRef:9] [9:  Ibid.] 

Grant funding is not always suitable to develop frameworks as there is an (actual or perceived) tendency to encourage the development of new, research-led solutions over the further development of existing tools. To avoid this issue, the working group emphasised that projects could be based either on original ideas or integrating existing solutions into the research process, improving its efficacy or the breadth of its usage. Given the context of the initiative it was clear that projects should support open access for data; solutions that supported open innovation were strongly encouraged.
Four goals were set for the Green Shoots initiative:
· Encourage a “bottoms up” approach to maximise use of local early adopters and innovators;
· Generate solutions that could be grown to support RDM more widely;
· Demonstrate that innovative, academically-driven, beneficial RDM is possible and to stimulate this further;
· Generate advice concerning how Imperial should proceed in supporting RDM.
After the initial discussion, a proposal for funding was made to the Vice Provost for Research – who generously supported it with £100,000. A funding call was publicised across the College in spring 2014, resulting in 12 proposals. Proposals were assessed by a panel comprising academics, members of the support services (Library, ICT and Research Office) and an external expert – Kevin Ashley, director of the UK’s Digital Curation Centre. The panel assessed the proposals on four criteria:
1. Supports RDM Best Practice
2. Supports Open Innovation
3. Complies with Funder Policies and the College Position
4. Benefits to Wider Academic Community
Following an evaluation, the six proposals that best met the criteria were funded, covering different disciplines, faculties and research areas. The projects ran for six months, finishing in late 2014:
· Haystack – A Computational Molecular Data Notebook (M. Bearpark & C. Fare)
· The Imperial College Tissue Bank: A Searchable Catalogue for Tissues, Research Projects and Data Outcomes (G. Thomas, S. Butcher & C. Tomlinson)
· Integrated Rule-Based Data Management System for Genome Sequencing Data (M. Mueller)
· Research Data Management in Computational and Experimental Molecular Science (H. S. Rzepa, M. J. Harvey, N. Mason & A. Mclean)
· Research Data Management: Where Software Meets Data (Christian T. Jacobs, Alexandros Avdis, Gerard J. Gorman, Matthew D. Piggott)
· Research Data Management: Placing [Time Series] Data in its Context (N. Jones)
[bookmark: h.7qbri7jkjvfl]Green Shoots Projects
The following section summarises the Green Shoots projects. More detailed reports from the project teams and additional materials are available on the College’s website.[endnoteRef:10] [10:  Bearpark, M, Burbidge, S, Butcher, S, Fare, C, Ferrer, J, Harvey, M, Lawlor, S, Mason, N, Mcardle, I, Mclean, A, Mueller, M, Reimer, T, Rzepa, H, Thomas, G, Tomlinson, C. Research Data Management 'Green Shoots' Pilot Programme, Final Reports. Spiral [Internet] 2015 Dec 17 [cited 2015 Dec 21]. Available from: http://hdl.handle.net/10044/1/28409
Green Shoots Funding [Internet] [cited 2015 Oct 05]. Available from: http://www.imperial.ac.uk/research-and-innovation/research-office/research-outcomes-outputs-and-impact/research-data-management/] 

[bookmark: h.e2t6rkqjw9b3]Haystack – A Computational Molecular Data Notebook
The irreproducibility of results in scientific journals has been a matter of increasing concern in recent times.[endnoteRef:11] Reproducibility is a foundation of good science and the integrity of research can be called into question when similar results are not obtainable by other researchers. Open science and open data are seen as enablers of reproducibility, with research funders implementing research data management policies and journals starting to require authors to publish their supporting data[endnoteRef:12]. A potential means of easing the publication of such data is the use of an electronic laboratory notebook, which could enable inclusion of a curated history of the research process alongside the more codified published results. This is the approach being developed by Michael Bearpark[endnoteRef:13]. [11:  Nosek, B. A. et al. Estimating the reproducibility of psychological science. Science, Vol. 349 no. 6251. [Internet] 2015 Aug 28 [cited 2015 Oct 05]. Available from: https://www.sciencemag.org/content/349/6251/aac4716.full DOI: 10.1126/science.aac4716
Mobley L, Linder SK, Braeuer R, Ellis LM, Zwelling L. A Survey on Data Reproducibility in Cancer Research Provides Insights into Our Limited Ability to Translate Findings from the Laboratory to the Clinic. PLOS ONE. [Internet] 2013 May 15 [cited 2015 Oct 05]. Available from: http://journals.plos.org/plosone/article?id=10.1371/journal.pone.0063221 DOI: 10.1371/journal.pone.0063221]  [12:  An example of a publisher with a data policy is PLOS, the publisher of PLOS ONE, the world’s largest journal. See: PLOS Data Policy [Internet] [cited 2015 Dec 11]. Available from: https://www.plos.org/data-access-for-the-open-access-literature-ploss-data-policy/]  [13:  Professor Michael Bearpark [Internet] [cited 2015 Oct 05]. Available from: http://www.imperial.ac.uk/people/m.bearpark] 

Bearpark decided to build upon the IPython Notebook[endnoteRef:14] – “an interactive computational environment, in which you can combine code execution, rich text, mathematics, plots and rich media”. The pre-existing notebook was generic though Bearpark aimed to add functionality specifically to support computational chemistry – but not so specific it only supported his research group. In order to make it easy for a wider audience to engage with the project, the notebook was set up to run inside a browser window, irrespective of the operating system. The team wanted to use existing computational chemistry software to set up calculations within the notebook (though submitting them to a high performance computing cluster to run). Basing the initial prototype on a number of scientific libraries meant it required some specialist knowledge to install it. This was far from the goal of a user-friendly experience to maximise uptake. Instead, they enabled interfacing with the widely-used Gaussian quantum chemistry package, removing code specific to the Bearpark group’s chosen package, then used the open-source package management system Conda[endnoteRef:15] to facilitate a simple installation process. A tree structure was also implemented in the notebook to allow multiple pages to draw together the various strands of a research project under a single banner. The resulting Haystack software is available from GitHub.[endnoteRef:16] [14:  The IPython Notebook [Internet] [cited 2015 Oct 05]. Available from: http://ipython.org/notebook ]  [15:  Conda [Internet] [cited 2015 Oct 05]. Available from: http://conda.pydata.org/docs/]  [16:  Cc_notebook [Internet] [cited 2015 Oct 05]. Available from: https://github.com/Clyde-fare/cc_notebook] 

[bookmark: h.6o5tl6s1rfu]The Imperial College Tissue Bank: A Searchable Catalogue for Tissues, Research Projects and Data Outcomes 
The Imperial College Healthcare Tissue Bank (ICHTB)[endnoteRef:17] is a collection of physical tissue samples obtained from procedures undertaken on patients in the healthcare trust. It contains approximately 60,000 samples including a large number of internationally important epidemiological cohort studies such as the Chernobyl Tissue Bank[endnoteRef:18]. At the time of the project, 20,000 specimens from the bank had been used in 433 research projects. Although the bank already contains detailed anonymised records about the donor and the sample itself, one of the richest sources of data to enhance these samples would be the data their use on other research projects has generated. Should these links be recorded, it would provide a varied dataset for bioinformaticians to exploit without the need to analyse (and generally destroy) any samples themselves, thus increasing the benefit of the sample and the bank as a whole. [17:  Imperial Tissue Bank [Internet] [cited 2015 Oct 05]. Available from: http://www.imperial.ac.uk/tissuebank ]  [18:  Chernobyl Tissue Bank [Internet] [cited 2015 Oct 05]. Available from: http://www.chernobyltissuebank.com/ ] 
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Figure 2 Imperial College London Tissue Bank website
The range of analyses and data types that could be associated with these tissues is substantial[endnoteRef:19], each with their own formats and metadata standards. As such, the researchers chose to focus on the most common data type, a targeted sequencing gene panel, to derive the most benefit and to act as an exemplar for future work. Rather than storing the entire sequence, it was decided that the best balance of reusability versus effort was to store a data report highlighting key points and sufficient metadata to track their provenance. Further work is being explored to link back to the facility that generated the raw data in order to enable researchers to access this and increase the potential for re-use without requiring duplication. [19:  Biosharing [Internet] [cited 2015 Oct 05]. Available from: https://www.biosharing.org/standards/?selected_facets=isMIBBI:true ] 

Due to the mobility of patients, a critical piece of information that is often unavailable in tissue banks is the actual outcome – has the patient survived and if not, what was the cause of death? This critical information would allow cancer survival rates to be linked to specific genetic markers. The solution proposed by Thomas[endnoteRef:20] et al was to link the samples to the patient’s record on the National Cancer Registry (NCR), whilst complying with all confidentiality requirements and gaining approval from the NHS Trust Caldicott Guardian (who is responsible for protecting the confidentiality of patient data). 30% of the patients registered in both the ICHTB and the NCR were identified (anonymously) in their records, resulting in a much greater utility of their donated tissues. This interface is now live and these links will continue to refresh data between the two systems. [20:  Professor Geraldine Thomas [Internet] [cited 2015 Oct 05]. Available from: http://www.imperial.ac.uk/people/geraldine.thomas] 

[bookmark: h.xqe8wq9h5nhx]Integrated Rule-Based Data Management System for Genome Sequencing Data
In 2001, the Human Genome Project published a 90% complete sequence of all three billion base pairs in the human genome. The cost to sequence a genome at that time was over $95m. According to data of the US National Human Genome Research Institute that cost has now dropped to below $1.4K – a reduction by a factor of around 70,000![endnoteRef:21] The next-generation sequencing (NGS) technologies developed that caused this dramatic drop in costs have revolutionised this discipline, both in the lab and in the clinic. Within the Imperial College Healthcare NHS Trust, it is now policy to sequence tumour samples from patients with certain types of cancer to aid diagnosis and treatment decisions. Similarly for research, the NIHR Imperial BRC Translational Genomics Unit has two sequencing systems, access to which is provided to researchers to support all aspects of next-generation sequencing projects. With this rise in availability has come an explosion in data generation – with up to 8TB of raw data generated per run, a robust data management methodology is essential. Michael Mueller’s[endnoteRef:22] project set out to build a rule-based data management system to cater for this. [21:  DNA Sequencing Costs. Data from the NHGRI Genome Sequencing Program (GSP). [Internet] [cited 2015 Dec 11]. Available from: http://www.genome.gov/sequencingcosts/]  [22:  Dr Micheal Mueller [Internet] [cited 2015 Oct 05]. Available from: http://www.imperial.ac.uk/people/michael.mueller] 

They chose to implement the Integrated Rule-Oriented Data System (iRODS).[endnoteRef:23] iRODS could support Mueller’s goal of linking the DNA sequencer that produced the raw data to Imperial’s central High Performance Computing facility for automated data processing and dissemination of both raw data and analysis results. This is using its rule engine, which activates pre-defined sequences of actions that can be initiated either by events or at scheduled intervals. The planned sequence would transfer the raw data across London from Hammersmith Hospital to the HPC facility in South Kensington, translate the data to a platform-independent format, map the sequence to a reference genome, compress the data, encrypt the data, archive the read data both on tape and on an external repository and transmit the aligned read data to local users. [23:  iRDOS [Internet] [cited 2015 Oct 05]. Available from: http://irods.org/] 
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Figure 3 genome sequencing workflow, by Simon A. Burbidge, Jorge Ferrer, Steven Lawlor and Michael Mueller, CC BY 4.0 - Raw sequencing data is transferred from a local storage server at Hammersmith Campus to the HPC Service at South Kensington (1), read data is converted from the vendor specific BCL format to the platform independent fastq format (2), sequencing reads are mapped to a reference genome sequence (3), mapped read data is compressed further using reference based read compression (4), compressed reads data is enryptedencrypted (5), encrypted read data is archived on tape (6) and remotely at a public repository (7), aligned read data is disseminated locally to users (8).
Despite the software being widely-used and already employed for the management of genomic data in other institutes, this implementation was not without its difficulties. The original intention was for the entire data management workflow to be managed within iRODS. However, potential issues concerning user authentication and file ownership management were identified and felt to be potential security risks. To mitigate this, the storage within the genomics facility and the data centre will both belong to the same iRODS “zone” though the HPC service between these within the workflow is outside of iRODS. For a single facility using iRODS this is not a huge issue though should it be implemented more widely across the College or extended to manage data generated by secondary data analysis workflows, this should be addressed.
[bookmark: h.mmq9ne25m7af]Research Data Management in Computational and Experimental Molecular Science
SPECTRa[endnoteRef:24] is a DSpace repository containing data from computational chemistry calculations, crystal structure analyses and NMR spectra, managed by the Rzepa[endnoteRef:25] group in Imperial College’s Chemistry department. The project’s focus was on developing functionality and standards that would enhance the utility and flexibility of the data stored within the repository primarily through enabling greater interoperability. SPECTRa was to be used either as an exemplar for other existing repositories or to promote implementation of further instances of the enhanced DSpace functionality elsewhere. [24:  DSpace home [Internet] [cited 2015 Oct 05]. Available from: https://spectradspace.lib.imperial.ac.uk:8443/]  [25:  Professor Henry S. Rzepa [Internet] [cited 2015 Oct 05]. Available from: http://www.imperial.ac.uk/people/h.rzepa] 

Digital Object Identifiers (DOIs) are routinely generated for most journal articles in the STEM domain, and progressively more in relation to datasets as well. These are invaluable for allowing persistent access to an object for referencing purposes and are the de facto standard in this area. The project allocated DOIs to the many thousands of records held within the repository and also added crosswalks between the metadata schemas used in SPECTRa and DataCite[endnoteRef:26] (the organisation that develops and supports the standards behind persistent identifiers for data). The metadata also includes full ORCID integration, which is discussed further later in this article. [26:  What do we do? | Datacite [Internet] [cited 2015 Oct 05]. Available from: https://www.datacite.org/about-datacite/what-do-we-do] 

[image: http://www.jcheminf.com/content/figures/s13321-015-0081-7-graphical-abstract.gif]
Figure 4 Standards-based metadata procedures for retrieving data for display or mining utilizing persistent (data-DOI) identifiers, by    Matthew J Harvey, Nicholas J Mason, Andrew McLean and Henry S Rzepa, CC BY[endnoteRef:27] [27:  Harvey M J, Mason, N J, McLean A, Rzepa H S: Standards-based metadata procedures for retrieving data for display or mining utilizing persistent (data-DOI) identifiers. Journal of Cheminformatics 7:37 [Internet] 2015 Aug 08 [cited 2015 Dec 11], Available from: http://doi.org/10.1186/s13321-015-0081-7.
] 

DOIs are primarily intended for humans to use by clicking on a link and then navigating the ensuing webpage. This is perfectly acceptable in many use cases though a machine-readable DOI would allow further interoperability. Following registration of relevant new MIME types with DataCite and use of their media API, data DOIs can resolve to alternative URLs (such as the actual data file itself) rather than the landing page. This can be used for example to embed access to a protein molecule from the repository within a journal article.
[bookmark: h.nsl5mza1sjnz]Research Data Management: Where Software Meets Data
Software has now become so important in research that some even refer to it as “the modern language of science”.[endnoteRef:28] Data is created, analysed and presented through software, and it may be difficult to reproduce or verify results without access to the specific version of the software used. Where software is developed or modified as part of a research project it is therefore important to consider not just the curation of the data but of the software as well. Software, input data and output data should be captured along with provenance metadata. Where Software Meets Data, a project led by Gerard Gorman[endnoteRef:29] from the Department of Earth Science & Engineering, looked into developing a solution for this problem that fits into the research workflow. [28:  Zverina, J. NSF’s Seidel: ‘Software is the Modern Language of Science’. HPC Wire. 2011 Aug 9] [cited 2015 Oct 05]. Available from: http://www.hpcwire.com/2011/08/09/nsf_s_seidel_software_is_the_modern_language_of_science_/]  [29:  Dr Gerard Gorman [Internet] [cited 2015 Oct 05]. Available from: http://www.imperial.ac.uk/people/g.gorman] 

The project team developed an open source software library, called PyRDM,[endnoteRef:30] that was written in the Python programming language. PyRDM publishes the specific version of a software that has been used on a particular dataset, to ensure it can be preserved and cited. The library accesses the source code stored under Git version control and deposits it into Figshare[endnoteRef:31]. Figshare then mints a Digital Object Identifier (DOI) that can be used to cite the specific version of the code, for example in a journal article. This ensures recomputability of the data – not only do readers know which version has been used, they can also easily access it. PyRDM facilitates depositing software by adding metadata, including the names of the authors of the software and the version identifier. If another researcher tries to publish the same version of the software, the Figshare repository and DOI are re-used. [30:  PyRDM Project [Internet] [cited 2015 Oct 05]. Available from: https://github.com/pyrdm. PyRDM is available under the GNU General Public License.]  [31:  figshare [Internet] [cited 2015 Oct 05]. Available from: http://figshare.com/ ] 

In a next step, the team integrated PyRDM into the Fluidity[endnoteRef:32] computational fluid dynamics code. When users of Fluidity have performed a simulation, they can trigger a publishing tool that determines the version of the software used and makes it available via Figshare. [32:  Fluidity [Internet] [cited 2015 Oct 05]. Available from: http://fluidityproject.github.io/] 

Where Software Meets Data demonstrated that it is possible to share and preserve software at the push of a button. Not only does this ensure recomputability of data, it also helps developers of research software to get credit for their work, by giving them a citable output. Imperial College is currently investigating how a similar approach could be integrated into the College’s RDM infrastructure to support academics developing software.
[bookmark: h.q3cicqvkii2o]Research Data Management: Placing [Time Series] Data in its Context
Research is becoming more interdisciplinary, a trend that is encouraged by funders globally. This makes it increasingly important for academics to find researchers in other fields who may ask complementary research questions and to identify patterns in datasets from disciplines they would not usually engage with. One way to approach this with an RDM-angle is to look at time-series analysis. A time series is a sequence of data points, usually consisting of successive measurements made over time. Examples of time series are audience measurements for TV shows, the daily closing value of a stock index or ocean tides. A feature based comparison of time-based methods and data makes it possible to explore connections across disciplines.
The research group of Nick Jones[endnoteRef:33] (Department of Mathematics) has developed a unique Time Series resource: the website[endnoteRef:34] allows visitors to access what may be the largest interdisciplinary collection of time-series data and time-series analysis code. The aim of the Green Shoots project was to allow scientists, and indeed the broader public, to automatically determine how their own methods and data are related to the collections. This is enabled by a feature-based comparison of time series and methods that produces a comprehensive feature vector to compare and organise time series. As the collection continues to grow, each new time-series dataset and data analysis method can be placed in its scientific context. [33:  Dr Nick Jones [Internet] [cited 2015 Oct 05]. Available from: http://www.imperial.ac.uk/people/nick.jones]  [34:  Comp-Engine Time Series [Internet] [cited 2015 Oct 05]. Available from: http://www.comp-engine.org/timeseries/] 

Thanks to the Green Shoots funding, users of the website can now analyse data by making it available on the Time Series website – and receive a list of closest matching time series in return. This approach addresses one of the fundamental problems with data sharing by giving academics an immediate incentive to share their data: not only is it easier to find, even by researchers who had no idea it existed, but it helps those who share to find related resources themselves. It would be interesting to explore how such an approach could be successfully integrated into a larger RDM infrastructure.
[bookmark: h.l8s5i3gpns03]Select Findings and Recommendations
The Green Shoots projects highlighted a range of issues, and the lessons learned and recommendations made by the projects should be of value to others working in similar areas – and for the RDM community in general and Imperial College in particular.
One of the issues highlighted by the projects was the importance of identifiers, in particular person identifiers that work across systems and organisations. Thankfully, with ORCID[endnoteRef:35] (the Open Researcher and Contributor ID) such a solution exists. Imperial College was among the first UK universities to make ORCID iDs available to staff in 2014.[endnoteRef:36] In September 2015, the College hosted a meeting with 50 UK universities to launch the Jisc UK ORCID consortium.[endnoteRef:37] ORCID is now increasingly supported across different platforms, including Figshare. Even so PyRDM contributors had to make use of their Figshare ID as the Figshare API did not support ORCID. For a seamless integration of RDM services, ORCID support should be made available in all system that relate to research objects – and it should be possible to link these systems through suitable, open APIs. APIs are critical to an efficient RDM infrastructure, reducing the administrative burden of rekeying of data and associated reduction in engagement or data quality. To ease compliance with funders’ RDM requirements, Imperial has utilised APIs between its grants management system, publication management software and digital repository in order to simplify the process of publicising datasets and associated metadata, such as the award that funded the research that generated the data. Similarly to the PyRDM project above, Imperial is looking to develop APIs between its “active” data storage solution and recommended data publication solutions, again to minimise the administrative burden on its academics. [35:  ORCID [Internet] [cited 2015 Oct 05]. Available from: http://orcid.org/]  [36:  Reimer T. Your name is not good enough: introducing the ORCID researcher identifier at Imperial College London. UKSG Insights, Volume 28, Issue 3 [Internet] 2015 Nov 06 [cited 2015 Dec 11]. Available from: http://doi.org/10.1629/uksg.268]  [37:  Reimer T. UK ORCID members meeting and launch of Jisc ORCID consortium at Imperial College London, 28th September 2015 [Internet] [cited 2015 Dec 11]. Available from: http://wwwf.imperial.ac.uk/blog/openaccess/2015/10/07/uk-orcid-members-meeting-and-launch-of-jisc-orcid-consortium-at-imperial-college-london-28th-september-2015/] 

Facilitating an infrastructure that supports the needs of researchers requires dialogue between infrastructure providers and academics. Universities can play a role by collecting requirements, both for internal developments and for passing them on to external providers who may find it too difficult to deal with many individual requests. The Chemistry project for example ran into problems interfacing with Figshare because its requirements had not previously been considered; at the same time the SPECTRa implementation is arguably more sophisticated than the general College repository Spiral. The ICHTB project found that linking samples to publications, even those in the College repository, was harder than expected because of difficulties establishing reliable links between individual samples and studies, problems with matching of authors and the lack of a suitable API in Spiral. Imperial College is actively engaging with a range of stakeholders to improve interoperability and uptake of suitable identifiers and open solutions.
The enhancements to SPECTRa also highlight that to make data reusable, standards-based metadata is required that facilitates discovery – and that requires giving some thought to search engine optimisation. Simply dumping files onto a website is likely to be of limited use.Softwareuse. Software can help to make it easier for academics to provide the required metadata, ideally by automatically generating it. PyRDM demonstrates how such an approach can work. This lesson has informed the planning for Imperial’s RDM infrastructure: Box, the facility that will store the ‘active’ research data has a machine learning component to help generate metadata[endnoteRef:38]. This is a relatively new feature that should make it easier for researchers to structure and, later, find their data. Despite funder mandates it is unlikely that data infrastructures will be successful following a ‘build it and they will come’ approach. They should be designed to make the work of academics easier, or at least to provide incentives by adding value. The Time Series project shows how an infrastructure can give something back to those who use it to share data. Providing a convenient solution for storing and sharing data such as Box is seen as a first step to make RDM easier for College academics. It is hoped that should the aforementioned proposed API between Box and the data repository Zenodo (see below) come to fruition, machine learning may also be able to generate metadata fields for a dataset, reducing the administrative burden of publishing and further lowering the barrier to compliance. [38:  Jain, D. What Makes Box Workflow Intelligent? [Internet] [cited 2015 Dec 11]. Available from: https://www.box.com/blog/what-makes-box-workflow-intelligent/] 

There is however a tension between curation and sharing of data, as highlighted by Where Software Meets Data. Sometimes datasets and code cannot be made publicly available, for example because of privacy concerns or proprietary components. PyRDM can publish to public and private repositories on figshare, but the project encountered the problem that private storage space was limited to 1 GB – too small for complete modern day simulations. There are ways around these restrictions, for example institutional accounts or internal storage, but the need to curate without publishing is not always well supported. Limitless cloud storage would have been prohibitively expensive on a single research project and not suitable within a 3-month funding timeframe. From an institutional perspective however, with economies of scale, such ongoing costs are much more affordable. With persistent, safe and controllable storage all possible without the need for expensive infrastructure, private curation is a much more viable option, all within the same solution that Imperial is implementing for active data storage.    Furthermore, in preparing for the release of its RDM policy, the College reviewed external data repositories and is currently recommending Zenodo, a platform hosted by CERN[endnoteRef:39]. Zenodo offers academics free data publication, including closed data archiving as an alternative to curating on Box, and it integrates with GitHub, to make it easy to archive code. In November 2015 the College launched a survey to assess demand for a College-hosted distributed version control system that supports private code repositories. 274 responses were received and the data is currently being analysed. [39:  Zenodo [Internet] [cited 2015 Dec 11]. Available from: https://zenodo.org/] 

The Green Shoots projects also highlighted that there can be issues working with widely-used open source software. iRODS for example has powerful functionality, but this comes at the price of file system-based control over data access and ownership. This makes it difficult to integrate shared resources such as High Performance Computing (HPC) where iRODS-based file management might conflict with the existing setup. Just because a freely available solution exists it does not mean that projects can rely on its implementation being simple or cheap. This does not necessarily distinguish open source software from proprietary offerings, but has to be considered.
Another problem with software development was highlighted by the Haystack project. Developing at a faster pace leads to code that is not as robust, which means incurring a time debt that has to be paid off later. The situation was made more difficult for the project as they relied on tools and libraries that themselves were under development. In retrospect, the project found that sticking with particular versions of libraries whilst refactoring their code and then deciding which libraries to update would have been the better approach. Another interesting finding was that the student working on the project came up with novel, unexpected approaches that in some cases led to calculations being performed more efficiently, but in other cases data was stripped out that was actually needed for reproducibility. This highlights that just providing tools to make research reproducible is not sufficient – methods and working habits have to match in order to create reproducible research. To help academics improve their software developments skills, the College is engaging with Software Carpentry, an initiative that aims to improve best practice in this area.[endnoteRef:40] The College also supports a grassroots Research Software Engineering community that has just been founded by Imperial academics and research software developers.[endnoteRef:41] Torsten Reimer, one of the authors of this paper, has been awarded a fellowship from the UK’s Software Sustainability to help further develop the institutional support for sustainable research software as part of the RDM agenda.[endnoteRef:42] [40:  Software Carpentry [Internet] [Cited 2015 Dec 11]. Available from: http://software-carpentry.org/]  [41:  Research Software Engineering [Internet] Cited 2015 Dec 11]. Available from: http://www.imperial.ac.uk/computational-methods/rse/]  [42:  Fellows [Internet] [Cited 2015 Dec 11]. Available from: http://www.software.ac.uk/fellows] 

In a sector where reproducibility of results and metadata quality are increasingly important, electronic laboratory notebooks (ELNs) could become key players. The benefits that inspired the Haystack project noted earlier are not restricted to computational chemistry and as such could be broadly useful across all disciplines. Advantages such as automatic creation of metadata – the date an experiment was run, model of equipment used or version of software used for example – would greatly simplify the requirement to share the data and increase the ease with which the data could be reproduced by others. Although there are numerous options, many of which are free, there is still a cost involved – development. As Bearpark noted in his project, even an ELN that had been developed with intuitiveness in mind still required at least a grounding in the appropriate programming language to maximise the value of it for their particular group’s setup. As this knowledge may not be present in many researchers, there could be a substantial overhead on a central IT department that would need to be considered in contrast to any benefit the ELNs may confer.
The ICHTB project was the only one that dealt with humans or their tissues and the additional requirements inherent with such data. Anonymisation, encryption and not connecting the relevant computers or devices to the internet or College network are all examples of the sorts of burdens imposed by use of patient data. These add complexity to the RDM needs of a clinical research project, though they are not new requirements and training or guidance are usually already covered within the relevant disciplines themselves. A College infrastructure that supports management of patient data is a much more complex – and therefore expensive – requirement. As management of such projects tends to be highly individual to the research being undertaken however, one suspects it should be easier to obtain funds to support this directly on the grant itself, reducing the requirement on the institution to provide such infrastructure. It is too early in the RDM revolution to determine this with any degree of certainty however.
[bookmark: h.nhc2amgko87f]Summary
The Green Shoots initiative has highlighted how much effort academics across the College already put into curating research data and that relatively small amounts of money can produce solutions that solve concrete problems. However, what may be relatively small in comparison to a research grant still amounts to a significant amount of money, and in some cases Green Shoots projects would require further funding to refine what has been developed. Also, these projects were only successful because they were able to build on previous work and the academics involved had relevant skills, interest and expertise.
Developing solutions that link into research workflows requires an understanding of RDM best practice, software development and research processes. Where academics do not have the expertise to lead such a process it becomes harder and more expensive. Even a large, research intensive university like Imperial College could not afford to fund such an effort at scale, and looking at these projects one could wonder about the impact on grant applications if researchers were to include all costs that following RCUK requirements to the letter would require.
Finishing this article with concerns about the costs of RDM would be rather too gloomy for such a successful initiative as the Green Shoots. Members of the projects have enhanced their skills and experience and the nucleus of an academic RDM community at Imperial has been formed. Solutions were developed that enhance College resources and are actually used in research – the latter is not common for pilot initiatives running for just half a year. These projects are now highlighted on the College’s RDM webpages as demonstrators of what is feasible to those communities with less experience in this element of research, showing the generic frameworks that should be integrated into their discipline’s practices.
The College has also received valuable guidance and lessons for the development of its infrastructure. Now with greater clarity on the optimal approach, factoring the resources available, the College’s RDM system and support provision has progressed rapidly. Modern technologies such as limitless cloud storage, machine learning and APIs along with concepts such as using community-driven tools and integrating with existing processes feature heavily, capitalising on the lessons learned in these pilot projects.
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