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Collaborative Research: Frameworks: Internet of Samples:
Toward an Interdisciplinary Cyberinfrastructure for Material Samples

1. INTRODUCTION

NSF’s Big Idea of “Harnessing the Data Revolution” [U1] envisions a cohesive approach to research
data infrastructure that will enable data-driven discovery, better data mining, machine learning and more.
We propose to develop an innovative and transformative cyberinfrastructure that will integrate material
samples collected and used for scientific research into the digital research data ecosystem: iSamples, the
‘Internet of Samples’. Our goal is to establish a core research infrastructure that provides consistent services
for unique and persistent sample identification and sample metadata registration across all disciplines.
iSamples will enable inter- and cross-disciplinary use of samples, making them FAIR research resources
and research outputs (Findable, Accessible, Interoperable, Reusable; Wilkenson et al. 2016). iSamples in-
frastructure has the potential to transform scientific research by making it possible to easily discover, reuse,
and fuse sample-based data, paving the road towards advanced mining of sample-based data within and
across domains.

We propose a multi-disciplinary and multi-institutional project to design, develop, and promote iSam-
ples as a national-level service infrastructure to uniquely, consistently, and conveniently identify material
samples, record metadata about them, and link them persistently to other samples and any digital content
derived from them, including images, data, and publications. We propose a flexible and scalable architec-
ture, which will broaden adoption and implementation by diverse stakeholders, thus contributing to the
sustainability of the iSamples system. iSamples will capitalize on existing identifier infrastructure such as
IGSNs (International GeoSample Numbers; [U2]) and ARKSs (Archival Resource Keys; [U3]), but is ag-
nostic to identifier type. Likewise, iSamples will encourage a high-level metadata standard for natural his-
tory samples (across biosciences, geosciences, and archaeology), and support community-developed
metadata standards in specialist domains, but does not require adherence to a particular standard. By inte-
grating established discipline-specific infrastructure at SESAR (geoscience) [U4], CyVerse (bioscience)
[U5] and Open Context (archaeology) [U6], iSamples will build on existing capabilities, make these con-
sistent, and expand their reach serving science and society much more broadly.

2. INTELLECTUAL MERIT

Material samples are a basic element for reference, study, and experimentation in many scientific dis-
ciplines, especially in the natural and environmental sciences, material sciences, agriculture, physical an-
thropology, archaeology, and biomedicine. Observations made on samples collected in the field and in the
laboratory constitute a critical data resource for research that addresses grand challenges of our planet’s
future sustainability, from environmental change; to food, energy, and water resources; to natural hazards
and their mitigation; to public health (e.g., IWGSC 2009). The large investments of public funds being
made to curate huge volumes of samples that have been acquired over decades or even centuries and to
collect and analyze new samples demand these samples to be openly accessible, easily discoverable onling,
and documented with sufficient information to make them reusable (McNutt et al. 2016). They need to be
linked to the data derived from them (interoperable) and to the interpretations of these data published in the
literature, which is also essential to making sample-based data reproducible. In order to achieve this, mate-
rial samples need globally unique, persistent identifiers (PID), which link to persistent landing pages with
metadata that describe the sample and its provenance and which allow unambiguously linking samples with
data and publications (Lehnert & Klump 2012).

The current ecosystem of sample and collection management in the U.S. and globally is highly frag-
mented across disciplinary communities and stakeholders including museums, federal agencies, academic
institutions, and individual researchers. A multitude of institutional catalogs, diverse practices for sample
identification, and discipline-specific data and metadata standards exist. Also, many, if not the majority of
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samples remain hidden in labs, offices, and basements, as researchers and institutions do not have the re-
sources and often lack expertise to properly curate their samples and make them FAIR (McNultt et al. 2016).

“l was having a specimen-tracking crisis over the weekend, with someone wanting to do
carbon 14 analysis on some bones | identified 20 years ago that are stored at UCLA and
have all sorts of numbers on the tags, none of which seemed to match my original specimen
IDs. So frustrating!” (S. Kansa, personal communication to R. Walls)

“The key measurement was the one backarc basalt called "PPTUW ... Subsequent efforts to
confirm the observation ran into problems. The apparently-same sample was variously
called PPTU, PPTUWY/5, PPTUW-1, and TVZ19 in four other papers. None of those papers
gave its latitude and longitude...!” (J. Gill, personal communication to K. Lehnert)

Increasingly, samples need to be studied by diverse research teams for cross- and inter- disciplinary
research areas with critical societal relevance such as sustaining natural resources, controlling the spread of
infectious diseases, and coping with environmental change [U7]. For example, geochemists, archaeologists,
zooarchaeologists, ecologists, agriculture researchers, soil scientists, epidemiologists, and others all sample
soil and derive data from those samples. They curate these samples following practices and protocols in
their domain. The data for a soil sample collected to study microbial diversity will likely be stored in the
BioSamples database at NCBI [U8], and will thus be difficult for an archaeologist or geologist to find and
reuse, while geochemical data for the soil are likely to be stored in the EarthChem Library [U9], difficult
to find for the biologist. Alignment of core requirements and discoverability of samples and derived data
can provide tremendous benefits for cross-disciplinary use. Geochemical data from ocean water samples
collected by a researcher studying global circulation patterns could be used to inform the work of a micro-
biologist examining viral diversity in the oceans. Pottery samples from an archaeological excavation could
be used by a volcanologist studying the impacts of an ancient eruption. An ecologist studying nutrient
cycling could use data from rock samples collected by geologists.

Recently, the paradigm of the ‘Extended Specimen’ (Webster 2017), which includes the physical
voucher specimen linked to all digital data derived from it, has gained momentum. The report of a recent
NSF workshop (Biodiversity Collections Network 2019) argues for an Extended Specimen Network (ESN),
emphasizing that “Rapid advances in data generation and analysis have transformed understanding of
biodiversity collections from singular physical specimens, to dynamic suites of interconnected resources
enriched through study over time.” Any science that relies on data derived from material samples would
benefit from Extended Specimens. In the Geosciences, the fusion of sample-based observations into data-
bases such as the EarthChem Portal with over 30 million analytical measurements on over 1 million samples
has made it possible for the first time to use Machine Learning techniques to explore spatial, temporal, and
compositional patterns in large volumes of geochemical and petrological data (e.g., Ueki et al. 2018; Keller
& Schoene 2018; Hasterok et al. 2019; Hazen et al. 2019; Liu et al. 2019). The first criterion for establishing
an ESN is: “Develop a robust, comprehensive specimen identifier system in collaboration with other inter-
national data aggregators and providers” (Biodiversity Collections Network 2019).

A widely-adopted, interdisciplinary, flexible system for creating globally unique and persistent
identifiers for material samples and indexing metadata about those samples is urgently needed to
enable and advance discovery, access, and reuse of the vast volumes of material samples generated
and studied in increasingly cross-disciplinary basic and applied scientific research. iSamples will be
this system.

iSamples will provide universal services for creating and assigning persistent, unique, and resolvable
identifiers to material samples in a consistent manner across disciplines and for registering and indexing
metadata using modern and emerging semantic web technologies. The result will be a searchable global
index of material samples linked to appropriate metadata and derived data products that will make it possi-
ble for researchers to more efficiently and effectively incorporate samples and sample-based data from their
own field and from domains outside their field into their research. iSamples will help maximize the return
on investment that the U.S. government is making into the collection and curation of samples. It will enable
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previously impossible connections between diverse and disparate sample-based observations; support ex-
isting research programs and facilities that collect and manage diverse (e.g., biological, geological, hydro-
logical) sample types such as environmental observatories on land and in the oceans; facilitate new cross-
disciplinary collaborations; and provide an efficient solution for FAIR samples, avoiding duplicate efforts
in different domains.

3. INNOVATION THROUGH INTEGRATION

3.1 Technical Integration: Building on Existing Capabilities.

For a cyberinfrastructure to be successful and adopted broadly, its design needs to build on, embrace,
and expand existing, recognized and trusted infrastructure, practices, and cultures. iSamples will provide
an innovative, universal solution for FAIR samples across disciplines by taking advantage of existing ca-
pabilities for persistent sample identification, identifier and metadata registration, and specimen catalogu-
ing through a multi-disciplinary collaboration of key stakeholders in this field and integrating these to create
a new, innovative ClI:

e International Geo Sample Number (IGSN) [UZ2] is a persistent unique identifier for Geoscience
samples governed by an international non-profit organization with 24 members in 4 continents
(Lehnert et al. 2011; Klump et al. 2018; Golodonuic et al. 2017; Conze et al. 2017; Car et al. 2017
Hobern et al. 2018)

e System for Earth Sample Registration (SESAR) [U10] provides services for investigators and
sample repositories to register samples, manage sample metadata, and obtain IGSNSs. It is operated
as part of the NSF/GEO-funded data facility IEDA (Interdisciplinary Earth Data Alliance) [U11].

e CyVerse cyberinfrastructure for the Life Sciences [U5] is an easy to use platform for complex data
analysis, sharing, and publication, especially of big data. It provides support for tool developers
and diverse scientific communities.

e Open Context [U6] publishes archaeological data from survey, excavation, and collections and
laboratory studies. Open Context mints stable URIs for each observed artifact, ecofact, sample, and
context. It now totals roughly 1.6 million indexed records of archaeological specimen (Kansa &
Kansa 2010, Kansa 2010).

e EZID and N2T.net [U12, U13] are services of the California Digital Library (CDL) for issuing,
managing, and resolving over 600 kinds of persistent identifiers (e.g., ARK, DOI, IGSN, URN,
Taxon, GO, Pubmed, PDB) and related metadata, including mappings across standards. The devel-
oper of EZID, now employed at UC Santa Barbara Libraries, has offered to serve as an unpaid
advisor on this project (LOC Janee).

Currently, a multitude of identifier systems are applied to material samples, often specific to a single
domain, including URNs, HTTP URIs, DOIs, and IGSNs (e.g., Guralnick et al. 2015). Life Science ldenti-
fiers (LSID) [U14] have been largely abandoned in favor of a simpler URI based identification. Usage of
the IGSN on the other hand has been growing and extending beyond the geosciences, an indication that it
offers features and services that fulfill essential requirements for a trustworthy identifier such as persistence,
global uniqueness, and international governance. The IGSN is implemented as a distributed architecture
with 'Allocating Agents', who act on behalf of a national agency (e.g., US Geological Survey, British Geo-
logical Survey, Geoscience Australia), organization (e.g., Australian Research Data Commons, German
Geoscience Research Center GFZ), or community (e.g., SESAR), under the overall coordination of the
IGSN e.V. - a non-profit organization with currently 24 members in 4 continents [U15]. Similar to agents
of the widely-recognized Digital Object Identifiers (DOIs) [U16], the primary requirement of an allocating
agent is to maintain the mapping from an IGSN to a web landing page corresponding to each sample. A
minimal schema for describing samples registered with IGSN has been developed [U17], but individual
allocating agents can choose to supplement the base metadata with additional information. An important
part of the IGSN system is the engagement with scholarly publishers, with a goal of making each mention
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of an IGSN within a report or paper a hyperlink and creating machine-readable links between data, samples,
and publications via inclusion of IGSNs as ‘relatedIdentifier’ in the metadata of a DOI, a critical feature
for creating Extended Specimens. IGSN became an allowable relatedldentifier in DataCite’s metadata ker-
nel v4 [U18] in 2016.

While promoting the use of the IGSN as a trustworthy persistent identifier specifically designed for
material samples, iSamples will support other identifiers such as ARK and DOI that are in use for samples,
taking an integrative approach to broaden adoption.

3.2 Knowledge Integration: Collaboration of Leading Experts

The proposed project will build on the achievements and experiences of its Pls, who have been leaders
in the development and promotion of Cyberinfrastructure (CI) components pertaining to material samples
in different science disciplines (biology, geosciences, archaeology), including sample metadata registries
and persistent identifiers for specimens, observation ontologies and data models related to the collection
and analysis of material samples, and infrastructure for interoperability of sample-based data:

o Lead PI Lehnert has led the development, implementation, operation, and evolution of the IGSN and
SESAR since 2004, as well as the NSF-funded EarthChem data facility [U19] and the new NASA-
funded Astromaterials Data System [U20]. She has served as the elected president of the IGSN e.V.
since 2011 and is PI of the IGSN2040 project funded by the Sloan Foundation to develop a strategy for
future sustainability and scalability of the IGSN (Lehnert et al. 2018, 2019). She led EarthCube’s iSam-
ples Research Coordination Network and co-chairs the Interest Group for “Physical Samples & Collec-
tions in the Research Data Ecosystem” in the Research Data Alliance (RDA) [U21].

e Pl Walls has spent the past four years leading the Data Commons efforts of the CyVerse Cl, which
provides full life-cycle data management services for big data such as bulk data upload and metadata
application, fine-grained data sharing capabilities, and data publication indexed using schema.org
[U22]. She is the lead developer of the Biological Collections Ontology (Walls et al. 2018). She has
been a board member and chair of the Compliance and Interoperability Group of the Genomics Stand-
ards Consortium (GSC) [U23] and convener of several working/interest groups in Biodiversity Infor-
mation Standards (TDWG) [U28].

e Pl Davies directs the University of California’s Gump South Pacific Research Station, which hosts the
Moorea Coral Reef LTER site [U25] and supports field sample collection across the physical, biologi-
cal, and social sciences in marine and terrestrial environments. As a Senior Fellow at the Berkeley
Institute for Data Science, Davies works with Senior Personnel Deck and Meyer to develop CI in
support of biodiversity genomics and whole ecosystem modeling, such as the GEOME platform (Deck
et al. 2017) [U26].

e Pl Vieglais is Director of Development and Operations for DataONE and responsible for the design,
development, and operation of DataONE [U27], which currently provides access to over 800,000 da-
tasets. As Senior Scientist at the University of Kansas he has contributed broadly to biodiversity infor-
matics, including development of the Darwin Core [U28], initial operations of GBIF [U29], and several
efforts building distributed systems for sharing biodiversity data including Fishnet, Herpnet, ORNIS,
MANIS, and VertNet (Stein and Wiezcorek 2004, Constable et al. 2010) [U30-U33].

e Senior Personnel Kunze is an Identifier Systems Architect at the California Digital Library, where he
invented the decentralized, non-paywalled ARK persistent identifier scheme, the Baglt file packaging
format [U34], the Pairtree storage convention [U35], and the N2T resolver [U13]. N2T.net, which is a
scheme-agnostic resolver for ARKs, DOIs, URNS, and over 600 other identifier schemes, is a core part
of the ARKsInTheOpen.org initiative, which he now leads.

e Consultants S. Kansa and E. Kansa lead Open Context [U6] and are co-Pls on the Digital Index of
North American Archaeology (DINAA) project (Wells et al. 2014) [U34], an NSF-funded gazetteer
linking information on more than one million documented archaeological and historical sites.

Together, this team has devised an innovative solution to a challenge that no individual could solve on
their own: making material sample data FAIR by providing robust, scalable identifier services for a data
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type that is highly heterogeneous and dispersed and has a long history of existing in silos. The team includes
implementors with connections to diverse scientific communities (e.g., Open Context, Smithsonian Institu-
tion, geoscientists, biological field stations) that can drive early adoption and promote the utility of the
iSamples architecture.

3.3 Social Integration: A Prospective Multi-Disciplinary User Community

iSamples will bring together existing user communities in multiple domains who are currently served
by the organizations/projects that participate in iSamples as the initial test case implementations to provide
improved solutions to the sample PID needs of their users.

e Archaeologists and zooarchaeologists currently use Open Context to publish their data, and Open
Context has been looking to mint IGSNs for material samples. Open Context already contains 1.6 mil-
lion items, of which ~400,000 are organic specimens (e.g. bones or bone fragments from zooarchaeol-
ogists). Multiple users have committed to be early adopters of the Open Context implementation of
iSamples, including a museum collection at the Hearst Museum (LOC Porter), a lab studying ancient
and modern plants (LOC Hastorf), a field excavation site at Poggio Civitate in Italy working with both
new and legacy data, as well as physical archived objects in the field lab and the local museum (LOC
Tuck), and archaeological faunal collections from several field sites in the Middle East with specimens
analyzed in a lab at UNLV (LOC Atici).

o Geoscientists have been using the IGSN for nearly 15 years and adoption continues to grow in the US
and world-wide. Nearly seven million samples have been registered with IGSN so far. Geoscience
publishers recommend the use of the IGSN to reference samples in publications so that data, samples,
and publications can be properly linked [U37]. SESAR is currently the only Allocating Agent of the
IGSN in the US and has a user base of ~ 800 accounts held by individual researchers, large-scale science
programs (e.g., Continental Scientific Drilling [U38], Critical Zone Observatories [U39], NEON
[U40]); analytical laboratories; and sample repositories and museums (e.g., US Polar Rock Repository
[U41], Scripps Institution of Oceanography [U42], Smithsonian Institution). SESAR urgently needs to
re-engineer its architecture to scale to the increasing volume and diversity of samples that users want
to register. Other organizations in the US, including federal agencies and national labs (e.g., USGS,
DOE), want to set up their own IGSN Allocating Agent, and urgently need easy to deploy software for
registering samples with the central IGSN registration authority.

o Biologists have a long history of assigning museum accession identifiers to samples. More recently,
NCBI’s BioSample IDs [U8] can be assigned to specimens for which sequence data are published.
Unfortunately, neither of these systems has all the characteristics of a good PID (permanent, globally
unique, resolvable, etc.), and biologists have called for better solutions (Biodiversity Collections Net-
work 2019, Guralnick et al. 2015, Glntsch et al. 2017). In the absence of a standardized identifier
solution, projects like GEOME (Deck et al. 2017) are minting ARKSs for specimens at the time of col-
lection, which are then transmitted to BioSamples. Other organizations, such as NEON and the Aus-
tralian allocating agents CSIRO [U43] and ARDC [U44] are already using IGSN for biological speci-
mens and archaeological artefacts.

We propose initial test implementations of iSamples by Open Context, SESAR, GEOME/CyVerse, and
the Smithsonian Institution. Several additional organizations have already expressed their keen interest to
adopt iSamples components including NEON in collaboration with the collections management software
Symbiota [U45] (LOCs McKay, Franz), the USGS (LOC Powers), the National Microbiome Data Collab-
orative, which is an effort of the DOE (LOC Wood-Charlson), DOE’s Earth System Science DeepDIVE
(LOC Agarwal), and PaleoCORE, which integrates data from paleo-anthropology (LOC Reed).

A major driver for all of these organizations to adopt iSamples is that material samples often cross
disciplinary bounds and discipline-specific solutions are not acceptable for them. Microbiome samples are
collected by biologists and geochemists and contain both biological and mineral material. Archaeological,
anthropological, and zooarchaeological sites generate specimens that can be biological, fossil, man made,
rock, or soil. Rock, sediment, and soil cores collected by geoscientists often contain fossils or biological
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material. Researchers and the organizations that support them are asking for identifier services that work
across a range of material sample types, are scalable, and are supported by community metadata standards.
iSamples services can be transformational to scientific research, because they will make it possible to real-
ize the benefits of an Extended Specimen Network that not only includes biodiversity specimens (as origi-
nally envisioned for ESNs), but integrates any material sample, thus providing an integrated network of
samples and sample based data.

5. PROPOSED WORK

Our proposed work includes three main objectives: 1) Design and develop iSamples infrastructure 2)
build four initial implementations of iSamples for adoption and use case testing, 3) conduct outreach and
community engagement to developers, individual researchers, and international organizations concerned
with material samples. The broad architecture and implementation plans described below have emerged
from knowledge of preceding systems and extensive discussion between project participants and more
broadly. However, experience dictates that actual implementations evolve from initial plans due to many
factors influencing the development and operation of production software services. We will therefore fol-
low an agile development process that includes community engagement as an important element of scoping
software requirements and implementation timeline. Key milestones will be identified early in the project
and will be evaluated and adjusted as necessary to meet the needs of the material samples community. For
more details of our development timeline, see the supplemental Management and Coordination Plan.

5.1 iSamples System Design and Development (Objective 1)

iSamples infrastructure will support creation of identifiers for material samples, ensure that identifiers
and associated metadata are reliably collated by identifier authorities, facilitate tracking of provenance for
material samples, enable discovery of samples, link samples to derived data and other digital content, and
report usage of material sample records. There are two key components of the iSamples system (Figure 1):

Local .
o : i Global i
Transcription : Collection Index Authorities

A .
: ) . / I IGSN I :

. — : ;

- » isamples . iSamples — i I ARK I :

N In-A-Box : Central :

Spreadsheet - - ~— H
: ' T e [)

v R

Selected . Metadata
Profiles . Profiles

o

E

iSamples
App

Individual : Global

Figure 1 Design of the iSamples system: iSamples-in-a-box provides local services for identifier alloca-
tion and metadata collation and iSamples Central for global discovery, resolution and PID coordination.

e iSamples in a Box (iSB) is a standalone system that enables creation of identifiers and associated
metadata, retrieval of the sample information, updates to the sample metadata (e.g. augmenting or cor-
recting metadata or appending provenance statements), sample identifier resolution, and discovery of
samples. iSB will support different scenarios — from installations like SESAR, which has a commitment
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to provide a widely used, reliable community service, to installations with a subset of capabilities (‘sub-
box’) delivered to a smaller community of researchers, for example at a field station, to create identifiers
and collect metadata that are later synchronized with the organization’s iSB.

e iSamples Central (iSC) is designed as a permanent Internet service that preserves and indexes sample
metadata to ensure reliable discovery and retrieval, provides a gateway between iSB instances and
identifier authorities to ensure that remote iSB content is fully synchronized with the relevant authori-
ties (e.g., IGSNs generated on iSB are synchronized with iSC and the IGSN central authority). By
providing these services that augment existing identifier authority capabilities, iSC enables support of
identifier types such as ARKs or DOIs that are not traditionally associated with material samples, but
are already in use by some organizations.

Integration with collection management systems is enabled through the provision of iSB adapters.
These adapters ensure that the content collated on the iSB (e.qg., identifier creation and metadata collection)
is seamlessly available to existing collection management systems as part of the sample ingest and curation
process. Metadata collection at the iSB can be configured to comply with community defined metadata
standards and is coordinated through iSC where the respective standards are promoted and supported for
indexing and sample record validation.

5.1.1 iSamples Central (iSC) (Task 1.1)

The iSamples Central (iSC) service is a critical component of the infrastructure. Therefore its develop-
ment will be emphasized during early stages of the project. This component has key roles of providing
identifier agnostic resolution services, enabling sample discovery, and supporting allocating agents. It will
be implemented as a hosted web service that can be accessed programmatically through RESTful APIs.

Internally, we anticipate that iISC will build upon the identifier resolution capabilities of the N2T service
[U14], refining and augmenting those capabilities as needed for the material samples community. Metadata
indexing will leverage and adapt the multi-standard, extensible indexing functionality implemented by
DataONE [U46] to populate the iSC search index. Identifiers generated by allocating agents will be accu-
mulated using the web-publishing pattern successfully adopted by large content indexers such as Google
and Microsoft to retrieve schema.org (Guha et al. 2015) described samples from allocating agents (such as
iSB and other compatible services). The iSC service will also expose all content through the same
schema.org approach, hence making the content openly available to all interested parties.

The iSC service shall provide a web interface that facilitates resolution, discovery, and display of sam-
ple records. The discovery interface will also emphasize relationships between samples, and so facilitate
ease of discovery of the complete lineage of a material sample, from its original collection, through sub-
samples, analyses, and subsequent publication.

Multiple instances of iSC may exist that would mirror each other to help ensure reliable access to the
services. These iSC instances would typically be fully synchronized with each other and therefore redun-
dant. Each iSC has a complete record of metadata, which is indexed and made available through a search
API and user interface. Additionally, each metadata record can be accessed via its landing page that con-
tainings the same schema.org markup describing the resource retrieved from the iSB instances.

5.1.1.1 iSC Architecture Design: Design of the iSC service will be an early emphasis of the project,
and will consider not just the programming interfaces, but also the supporting infrastructure and instrumen-
tation necessary to monitor resource use. Deliverables include functional use cases to be supported at dif-
ferent phases of the implementation, high level API specifications supporting the use cases, initial estimates
of hardware requirements, expected third party dependencies, and other considerations such as implemen-
tation language, revision control and integration testing workflow, and documentation framework. The
functional details of the Minimum Viable Product (MVP) will be determined early in the project.

5.1.1.2 iSC API Design & Development: Detailed APIs for iSC will be defined using the OpenAPI
specification, which will be integrated into the development workflow such that API changes can be easily
incorporated into server and client capabilities. Implementation of iISC will follow best practices and include
automated unit and integration testing coupled with the revision control workflow to help ensure a high
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quality product. An iterative development process coupled with automation provides rapid feedback to de-
velopers and other stakeholders. Deliverables include detailed API documentation, test and eventually pro-
duction implementation instance of iISC API, and outlines for operational procedures.

5.1.1.3 iSC System Deployment & Administration: Deployment of iSC will occur in at least two
environments to isolate development and testing from production systems. The deployments will utilize
virtualized servers and be designed to be readily deployable and easy to update. Hardware and other re-
source utilization will be monitored to provide metrics of actual use that can assist with scaling and cost
considerations. Deliverables include documentation of hosting requirements and agreements, administra-
tive and operational procedures, and production deployment of iSC hosted by CyVerse.

5.1.2 iSamples-in-a-Box (iSB) (Task 1.2)

A key component of the iSamples infrastructure is "iSamples-in-a-Box" (iSB), which is an offline-first
application that supports the creation of sample identifiers and collects metadata associated with the iden-
tifier. Interaction with iSB will be through a REST API, and will initially (for the Minimum Viable Product,
MVP) include a command line client. An important consideration for iSB is ease of deployment in a variety
of scenarios with varying levels of expertise. As such, we anticipate more than one packaging solution will
be needed, including at least source and containerized (e.g., Docker [U47]) deployment options.

Technically, the iSB is composed of a web-server service, an instance of CouchDB [U48] or similar
data store supporting offline-first functionality with synchronization, a full text search index (e.g., Apache
Solr, [U49]), and a browser-based client. When connected to the Internet, an iSB instance can communicate
with iSamples Central to provide updates via mechanisms including the schema.org publishing pattern and
retrieve additional information to be locally cached. For example, iSB is anticipated to support identifier
resolution both directly (identifier is available in the local store) and indirectly through redirection to an-
other resolution service. When disconnected from the Internet, indirect resolution is not possible. Hence,
when planning for a field session, relevant identifiers and associated metadata may be cached locally by
the iSB to be available for specifying inter-sample relationships while collecting and editing metadata in
the field. The set of relevant identifiers is identified by searches against the iSC catalog.

5.1.2.1 iSB Architecture Design: The iSB component is an identifier allocating agent intended to be
deployed at many locations, where it can serve in the role of identifier creation and metadata sharing. It
interacts with iSC, and so the development of the two will be coupled, though with more emphasis on
serving the needs of specific communities. Deployments of iSB are expected to be capable of being inte-
grated with existing collection management systems and so must be flexible and easily deployable. Design
of iSB will entail collation of functional use cases, requirements from the intended audiences and consid-
eration of the iSC implementation and respective milestones such as the MVP. Deliverables include docu-
mented use cases and requirements, system design documentation, an implementation schedules and guide-
lines for packaging, installation and configuration.

5.1.2.2 iSB API Design & Development: It will be necessary for iSB to interact with iSC to retrieve
configuration and operating parameters, and provide collected sample metadata for collation by iSC. Like
iSC, iSB will expose a RESTful API developed using the OpenAPI specifications. We anticipate that iSB
will be implemented with the core as a web-server application with command line and web-browser inter-
faces. This approach enables both desktop installation for individuals or small groups and institutional or
broader level installation to serve entire communities, and has proven successful for a number of diverse
applications (e.g., the pgAdmin 4 tool for Postgres database administration [U50]). Deliverables include
API documentation, test cases, and interaction with iSamples Central, initially fulfilling the MVP require-
ments and subsequently evolving with additional features and capabilities.

5.1.2.3 iSB User Interfaces (Command Line, basic Graphical Ul): User interaction with iSB for the
MVP milestone is anticipated to be principally through command-line and library level actions that fulfill
the necessary functions. An exemplar web-based user interface will be provided as a later milestone to
provide a basis for institutional or local customization to suit the requirements of specific groups. Develop-
ers of any extensions or customizations will be strongly encouraged to share their work through open source
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contributions, and so continue to build a knowledgeable and engaged technical community to help sustain
the product. Deliverables include a command-line client with documentation and an exemplar GUI.

5.1.2.4 iSB Plug-ins for Supported Identifiers (IGSN, ARK): The iSamples infrastructure will prin-
cipally support IGSN identifiers though it is designed to be identifier agnostic since different identifier
schemes may be more applicable for different parts of the research workflow. Identifier support will be
abstracted to use a plugin model. Initial implementation will focus on full support of IGSN identifiers and
shall provide the ability to register for creation of IGSNs and subsequent creation and management of those
identifiers and associated metadata. Later plugin development will support other identifiers (e.g., ARKS) to
meet community demand. Deliverables include full support for IGSNs and later development of plugins for
additional identifiers including ARKSs.

5.1.2.5 iSB Plug-ins for Collection Management Systems: Identifier management must be tightly
coupled with sample collection management systems, of which there is great diversity of implementation.
Interaction between iSB and a collection management system will be implemented using a plugin system
that provides specific adaptations on the core iSB APIs. Initial plugin implementations will support partner
collection management systems (i.e. EMu at the Smithsonian Institution, see 5.2.3) while also considering
the broader community requirements. Deliverables include detailed specifications for the repository plugin
API and plugins for the partner collection management systems.

5.1.2.6 iSB System Deployment & Administration: Operation of iSB must be straightforward and
require minimal resources. Good design, development, and implementation practices along with compre-
hensive documentation can help reduce software maintenance costs. Operators of iSB will be required to
register with iSC to enable identifier creation, and the provided contact information will be used to notify
operators of any issues or updates that need to be addressed. Operators and developers will be encouraged
to participate in open communication mechanisms including issue tracking via GitHub and chat environ-
ments such as Slack. Deliverables include administrative and operations documentation for iSB, hardware
and associated resource recommendations, and a publicly accessible and up-to-date release schedule.

5.1.2.7 Field (off-line) version of iSB: Some field sample situations may require use of an iSB instance
without Internet connectivity (e.g., a remote field site with an intensive sampling activity). For these cases,
iSB will be accessible by multiple clients through the hosted web Ul (i.e. by connecting with the web server
hosted by the iSB instance on the LAN). Roving researchers may continue to collect samples and assign
identifiers regardless of connectivity status with the principal iSB instance. Content will be fully synchro-
nized when the roving iSB Ul connects with the principal iSB. A roving iSB Ul has limited functionality,
though it is able to create identifiers and collect metadata input and store that information for later synchro-
nization with the primary iSB. In situations where a roving iSB is not practical (e.g., harsh physical condi-
tions precluding practical operation of a hand held device), basic time and location information may be
collected using a GPS enabled digital camera and capturing an image of the sample. The image and asso-
ciated EXIF metadata can be later imported by iSB. Where samples are collected in the field with hand-
written metadata, that information can be transcribed to a spreadsheet and later uploaded to the primary
iSB. In this way, the iSB provides a graceful degradation of capabilities while providing the core function-
ality necessary to assign identifiers to material samples. After returning from field sampling, the iSB in-
stance becomes connected with the Internet. At this time, the iSB connects with the primary iSB and syn-
chronizes its new records and any updates. Deliverables include administrative and operations documenta-
tion including examples for common field collection workflows and recommendations for hardware and
associated resources to help streamline field data collection.

5.1.3 Connecting iSamples to Community Standards (Task 1.3)

The metadata collected by an iSB instance is expected to vary by domain of practice, and each instance
of iSB may support multiple metadata schemes used for different types of samples. Metadata schemes shall
be determined by community consensus through adoption or modification of existing standards (see section
5.3.3). Despite the considerable diversity of metadata standards, it is anticipated that a core set of elements
shall be identified for material samples, and that set shall contain at least the four dimensions describing a
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point in space-time (i.e. a 4-D VOXEL) and the identifier (Fig. 2). This core set of properties enables later
joining of samples by location and/or time and will enhance discoverability across disciplines. Various
efforts are already underway to establish a core metadata profile for the IGSN through organizations such
as ESIP [U51] and RDA [U52, U21]. Deliverables include a publicly available mapping of core metadata
elements from different communities including at least MIXS (Yilmaz et al. 2011), Darwin Core (Wiezcorek
et al. 2011), IGSN metadata, DataCite [U18], and Open Context (Kansa & Kansa 2010, Kansa 2010).

Materials

Arch;ét;logy

GeoloEy

Figure 2 "Bulls-eye" concept of sample metadata: Various domain-specific metadata and ontologies can
be wrapped around a common metadata kernel for samples (Credit: Lesley Wyborn)

iSamples is aims to provide a shared core set of metadata fields for material samples across disciplines,
however, as a development project, we are somewhat limited in the extent to which we can drive the crea-
tion of such a standard. Therefore, some of the Pls of this proposal are also proposing a Research Coordi-
nation Network (RCN) that will deliver an interdisciplinary community-driven metadata standard for ma-
terial samples, with recommendations for its short- and long-term governance. Even though the efforts are
independent, we believe that both the social developments of the RCN and the technical developments of
this proposal are needed to make material sample data FAIR.

5.2 Implementation and Use Case Testing (Objective 2)

We will create four initial instances of iSB. These implementations will support existing user commu-
nities who are waiting for improved access to PID services and allow us to refine iSB based on users’ needs.
These implementations represent much of the diversity of material samples generated for research, and each
case includes the need to identify material samples of different types (organic, mineral, man-made).

5.2.1 Open Context (Task 2.1)

Open Context reviews, edits, annotates, publishes and archives research data and digital documentation,
with a specialization in the field of archaeology (Kansa & Kansa 2010, Kansa 2010) [U6]. Open Context
richly annotates and integrates analyses, maps and media, linking data to the wider world and broadening
the impact of the ideas of the data creators. For Open Context to be integrated into iSamples, it would
become both an Allocating Agent for IGSN for the field of archaeology and a retrofitter of existing Open-
Context records into records of material samples. As an Allocating Agent for IGSN, Open Context will
harmonize multiple metadata sources: the lab-specific incoming metadata, the community standards in
archaeology, and the standard metadata used by IGSN. Additional developments will include:

Open Context currently has relevant persistent identifier and metadata annotation tools that will be
augmented to serve IGSN workflows. Open Context mints ARKS, and will be able to leverage this existing
workflow for generating ARK records that conform to the iSamples Archaeology metadata profile and
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registering those records to iSamples Central. Open Context will make use of the ARK iSamples plugin.
Additional developments will include:

e Open Context will support the IGSN metadata kernel, while adding relevant archaeological
metadata. Open Context will work with the community toward archaeological metadata profiles that
can be promoted as community best practices.

e This support of IGSN compliant metadata will require crosswalking existing Open Context metadata
or producing new metadata.

Open Context currently has relevant persistent identifier and metadata annotation tools that will be
augmented to serve IGSN workflows. IGSN will be promoted as the preferred sample identifier to users of
Open Context, but options for registration of ARK or other identifiers will remain available for users who
need to comply with institutional rules or practices. We will install an Open Context instance of iSB in the
same Google Cloud infrastructure we use to host opencontext.org. Opencontext.org (most of which is writ-
ten in Python) will interact with iSB through a Python wrapper around the iSB REST API.

5.2.2 SESAR (Task 2.2)

SESAR [U4] provides services, tools, and APIs for sample metadata cataloguing; metadata manage-
ment and preservation; IGSN registration; and discovery and access of sample metadata, i.e. for making
their samples FAIR. Users can obtain or register user-generated IGSN by filling out metadata forms online
(Individual Sample Registration), uploading spreadsheets with sample metadata (Batch Registration), or
using web services to submit sample metadata. Users are provided an authenticated workspace that features
a dashboard with links to the user’s registered samples and tools that support the management of the
metadata and samples. SESAR has a well-established workflow for quality control of submitted metadata
with scripts and an administrative user interface for data curators, also used to maintain controlled vocabu-
laries. SESAR currently catalogs 4.355 million samples including rocks, sediments, minerals, soils, biolog-
ical samples, water samples, volcanic gas samples, experiments (synthetic materials), and more.

Participation in iSamples will allow SESAR to provide users with the ability to register diverse sample
types with metadata profiles that comply with community standards, e.g., fossil samples that need to follow
the Darwin Core metadata standards. It will allow SESAR to integrate its metadata catalog with a much
broader sample metadata at the iSC (see section 5.1.3). Using the iSB codebase, which we envision to be
maintained by an open source developer community, will make SESAR infrastructure more sustainable and
resilient. SESAR tasks will comprise mapping ISGN metadata to iSamples metadata kernel and deployment
of an iSB instance for development and testing for IGSN registration, replacing the current direct commu-
nication with the IGSN central registry. Expanded services will include the ability to offer users a choice
of discipline-specific or sample-type specific metadata profiles. We expect that these developments will
attract an even wider array of new users, especially those who so far found it difficult to incorporate SESAR
into their existing workflows. New users are likely to include new museums and repositories, who - as we
learned by operating SESAR - may prefer to use their own collection management systems to catalog and
create virtual representations of their samples.

5.2.3 GEOME (Task 2.3)

The Genomic Observatories Meta-Database (GEOME) is a web-based database that captures the who,
what, where, and when of biological samples and associated genetic sequences, and represents all sample
metadata as material samples (Deck et al. 2017) [U28]. GEOME helps users ensure that biological samples
are FAIR, improves the quality of user data and compliance with global standards, and helps integrate with
downstream systems including NCBI’s sequence read archive and LIMS systems.

GEOME’s participation in the iSamples network will enable cross-disciplinary utilization of GEOME
metadata as it extends to other collaborators and domains participating in the iSamples project. GEOME
has aligned with the Biological Collections Ontology in adopting the definition of “material sample” (Walls
et al. 2014), which is able to extend to different domains (e.g., earth science, archaeology). Therefore,
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integration with iSamples is a natural fit and extension of current capabilities. Proposed activities for GE-
OME entail:

¢ Harmonize GEOME metadata, currently based on Darwin Core and MIXS, with IGSN metadata.
Replace the current GEOME identifier registration system that communicates directly with the EZID
ARK infrastructure, a bespoke codebase, with the iSB codebase, which will be shared among a broader
set of collaborators. Initially, GEOME will continue to supply ARKSs for material samples, but the
adoption of iSamples will allow it to extend or switch to IGSNs in the future.

o Transition identifier metadata already submitted to GEOME to adopt the most recent standards.
Create a framework for the GEOME network to adopt and register new syntax and semantics.

We will install a GEOME iSB instance as part of the GEOME infrastructure deployed at [U24]. GE-
OME is written in Java and will interact with iSB through a java wrapper around the iSB REST API.
GEOME is currently hosted on iDigBio infrastructure at the University of Florida, and we propose to mi-
grate GEOME to CyVerse late in year 2 and have requested CyVerse server support for years 3 and 4 for
server hosting. The migration of GEOME to CyVerse will align GEOME with the CyVerse Data Com-
mons, which supports standardized and custom metadata use in the CyVerse Data Store and publication to
the Data Commons Repository. The inability to record metadata about material samples used in CyVerse
analyses has been a major limitation of the CyVerse Data Commons which this work will overcome.

5.2.4 Museum Collection: Smithsonian Institution (Task 2.4)

A core functionality of iSamples is to engage existing archival repositories (e.g. museums, herbaria,
biorepositories) that are inheriting third-party identifiers, minting their own set of identifiers, and creating
new material samples (and subsequent identifiers) from existing collections. The Smithsonian Institution
Museum of Natural History (NMNH) is a significant partner because it maintains the largest natural history
collection in the nation and covers all three domains targeted in this proposal: biology, geosciences, and
archaeology/anthropology. The NMNH will provide subject matter expertise on collections-based identifier
practices and applications, and technical support for test implementation of iSamples interactivity with the
Smithsonian NMNH collections database. PI-Meyer will work with NMNH’s Informatics team to support
a programmer in years 2-4 to develop a strategy to leverage existing protocol interface options to provide
identifier services to iSamples and to support adopted relationships between both third-party and NMNH-
generated identifiers. The Smithsonian will also coordinate and host a museum-centric hackathon (Year 2)
to engage representatives from permanent archival institutions for an implementation strategy session.

NMNH’s collections database currently uses both ARKs and IGSNs to uniquely identify samples.
These identifiers can overlap with inherited identifiers from external systems such as Field Information
Management Systems (FIMS). NMNH will support an interface that exposes the relationships between
these identifiers to the iSamples cyberinfrastructure. Collections/sample repositories such as natural history
museums are not “dead ends” to the sample chain. New samples are created from existing samples within
these repositories and new identifiers are created in-house to track relationships between them. These prac-
tices and relationships will be exposed to the iSamples infrastructure for discovery and use.

5.3 Community engagement and outreach (Objective 3)

Community engagement and outreach activities are essential to drive adoption beyond the communities
that will use our initial implementations described in Objective 2, and to ensure interoperability with the
international research community. Information on metrics used to assess the impact of these activities is
included in the supplemental Delivery Mechanism and Community Usage Metrics document.

5.3.1 Outreach to Developer Communities (Task 3.1)

Our goals in engaging the scientific developer community are to encourage additional implementations
of iSB by organizations supporting their own users and to enhance the iSamples code base, thereby making
iSamples more robust, broadly useful, and sustainable. We have planned two hackathons (year 2 at Colum-
bia and year 3 at Berkeley) for developers, who are looking for a way to provide material sample PIDs to
their communities (iSB) or need a way to search for material sample metadata (iSC) as well as a museum-
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focused focused workshop at the NMNH in year 3. The following organizations have committed to partic-
ipating: NEON (LOC McKay), USGS (LOC Powers), DOE’s ESS-DIVE (LOC Agarwal), DOE’s National
Microbiome Data Collaborative (LOC Wood-Charlson), PaleoCore (LOC Reed), USDA (LOC Parr), and
Symbiota - also working with NEON (LOC Franz). The expected outcomes include the creation of addi-
tional iSB instance, immediate contributions to the iSamples code including new features and hardening,
and recruitment of ongoing collaborators to the iSamples code base.

5.3.2 Outreach to researchers generating material samples (Task 3.2)

Our initial implementations will support adoption by a large and diverse group of users across archae-
ology, biology, zooarchaeology, physical anthropology, geosciences, and more. However, there remains an
even larger community of researchers, who are either unaware or do not realize the importance of using
PIDs for material samples. We plan a series of outreach activities aimed at individual researchers with the
goals of educating on the importance of PIDs and comprehensive metadata for material samples, driving
adoption of our implementations as well as those built by collaborators (task 3.1), and stimulating interdis-
ciplinary sample-based research. Activities include hosting early career workshops at conferences and user
testing meetings hosted at Columbia University, peer reviewed publications, and promotion of iSamples at
international meetings like Research Data Alliance (RDA), American Geophysical Union (AGU), Biodi-
versity Information Standards (TDWG), the Genomics Standards Consortium (GSC) and the International
Council for Archaeozoology (ICAZ). At these meetings, we will reach representatives of research commu-
nities who can promote iSamples to their individual scientists. The expected outcomes are to have more
samples registered with PIDs and appropriate metadata across multiple disciplines and increased usage of
iSC to discover samples for reuse in research.

5.3.3 Coordinate with International Standards and Infrastructure Organizations (Task 3.3)

A key justification for iSamples is to promote the creation of FAIR samples via the use of PIDs and
standardized machine-readable metadata. To do so, iSamples must rely on the international standards com-
munity. The iSamples team will continue their interactions with the standards organizations mentioned in
task 3.2 (RDA, TDWG, GSC, ICAZ) to ensure that iSamples users have access to the most current standards
for material samples. For biological samples that will be sequenced, the National Center for Biotechnology
Information (NCBI) maintains the BioSamples Archive. In order to ensure the interoperability between
NCBI BioSample and organizations developing platforms to capture sample metadata and that develop
standards for sample metadata, BioSample interacts closely with these groups. BioSample has agreed to
provide input to the iSamples project as it has in the past with other groups. (LOC Mizrachi). We will also
work to align iSamples development with other international efforts such as CSIRO and ARDC in Australia
(LOC Klump) and Europe via DISSCo [U53] (LOC Koureas). We are fortunate that organizations in other
countries share our vision for FAIR material samples and are developing corresponding infrastructure. The
outcomes of this objective are interoperability among international sample identifier and metadata efforts,
and compatible use of sample metadata across organizations, countries, and disciplines.

5.4 Administration and project management (Objective 4)

Overall administration and project management for iSamples will be carried out by the lead organiza-
tion, Lamont Doherty Earth Observatory at Columbia University, under the direction of Lead PI Lehnert.
As a collaborative proposal, each additional funded organization (The University of Arizona - Walls, Uni-
versity of Kansas - Vieglais, UC Berkeley - Davies) will be responsible for completing its assigned tasks.
Walls and Vieglais will have primary responsibility for core iSamples development (Objective 1). iSamples
implementations (Objective 2) and outreach activities (Objective 3) will be managed by the responsible
personnel listed in the supplemental Management and Coordination Plan.

6. SUSTAINABILITY PLAN

iSamples is envisioned as a critical step toward a national-level cyberinfrastructure that will support
the integration of material samples into modern-day digital and data-driven research, and advance cross-
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disciplinary access and study of samples and the mining of observational data resulting from these studies.
Anticipated outcomes of the iSamples developments are software products (iSC, iSB) that will be deployed
and operated by existing organizations, agencies, and research infrastructure providers. Major scientific
programs (e.g., NEON, CZO, IODP [U52]) and national agencies in the US and abroad (e.g., USGS, DOE,
British Geological Survey) are interested in collaborating with iSamples because they are eager to imple-
ment and use software tools that allow them to readily assign globally unique and persistent, resolvable
identifiers to their samples and publish sample metadata in a consistent, machine-readable form across
domains. This level of adoption of the iSamples cyberinfrastructure is the key to the project’s sustainability.

While it will be the responsibility of iSB adopters to maintain individual deployments, ongoing devel-
opment and maintenance of the software will be required. Such support will be achieved principally through
community contributions, governed by a community agreed process that will likely identify a small group
of experts to review and merge proposed contributions. All source contributions will be managed through
the openly accessible source code repository environment (e.g., GitHub). iSC will initially be hosted within
the CyVerse infrastructure, but will need to find a persistent home with sustained funding. We envision this
to happen by either transferring iSC to a research institution with the necessary infrastructure and interest
in sample CI; to a national agency such as the Smithsonian Institution, DOE, or USGS; or to a long-term
research infrastructure. Several members of the iSamples team have experience with non-profit organiza-
tions, and we will also explore this option. Open Context has operated continuously since 2006, financed
by a mixture of revenue sources including: data management service and curation charges, fee-for-service
software engineering and technical consulting, grants and philanthropic donations. Open Context could
incorporate iSamples as part of an expanded set of fee-for-service offerings. The IGSN is a non-profit or-
ganization and is currently developing solutions for the long-term sustainability and scalability of its tech-
nical and organizational architecture (IGSN 2040) through a grant from the Alfred P. Sloan Foundation.

Meeting outcomes, documentation, source code, project web site, and similar content will be stored in
an openly accessible revision control system such as GitHub. Community contributions will be encouraged
through outreach activities including but not limited to participation at various national and international
meetings of relevance. Community participation and support will be further encouraged through ample
documentation and open, responsive administrative workflows that accept or reject "pull requests" with
appropriate feedback. The general goal is to encourage participation and attract in-kind support through
intellectual and operational investment in the project and its outcomes.

7. BROADER IMPACTS

The relevance of scientific collections for science and society has been emphasized in various studies
and reports over the past decades (NRC 2002; IWGSC 2009). In 2005, the White House Office of Science
and Technology Policy (OSTP) and Office of Management and Budget (OMB) called on Federal agencies
to focus attention on integrated support and planning for the care and use of Federally held scientific col-
lections with the goal of ensuring that this “vital research infrastructure is preserved and strengthened for
the benefit of both our country and the global scientific research enterprise” (IWGSC 2009). iSamples
delivers enhanced infrastructure for STEM research and education, decision-makers, and the general public.
It provides the missing link among physical collections (e.g., Smithsonian), research stations and observa-
tories (e.g., LTER sites, NEON, field stations, marine laboratories), cyberinfrastructure for data (e.g.,
DataONE, CyVerse), and publications, leveraging significant national investments in each. In the longer
term, iSamples technologies can be applied beyond the initial focus on the sciences of natural history to
fields such as biomedicine, agriculture, astronomy, and manufacturing. iSamples can benefit national secu-
rity and resource management by offering a means to adequately track samples, easing the task of assessing
their status, permits, and origin (automated provenance of physical objects auditing), including sensitive
archaeological or biodiversity specimens, and specimens containing controlled substances. iSamples aims
to maximize diversity and inclusiveness. Two of the four collaborating efforts are led by women, an un-
derrepresented group in cyberinfrastructure leadership. Senior personnel at Lamont is 80% female and cul-
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turally diverse. The project will train a graduate student and a post-doc in the technical aspects of infra-
structure design and development, communication, and outreach, and will host workshops specifically
aimed at early career scientists.

8. RESULTS FROM PRIOR NSF SUPPORT

Lehnert: Geoinformatics Facility Support: Integrated Data Collections for the Earth & Ocean Sci-
ences: The Marine Geoscience Data System and the Geoinformatics for Geochemistry Program. Award:
OCE-0950477; Period: 12/1/2010-9/30/2017; Award Amount: $12,623,687; PI: Lehnert, Co-Pls: Carbotte,
Ferrini, Richard, Ryan, Block). Intellectual Merit: The grant supported operation of the Interdisciplinary
Earth Data Alliance (IEDA) facility, which maintains data systems and services for the solid earth sciences,
including primary collections of global geochemical data, marine geoscience data, and for Earth Science
samples (SESAR) that ensure long-term preservation and support the discovery, retrieval, and analysis of
these sensor and sample-based analytical data. Broader Impacts: IEDA systems provide free and open ac-
cess to all data holdings for the broad geoscience research and education community. Usage metrics show
broad adoption and substantial impact on scientific productivity and new discoveries. Tools for data visu-
alization and analysis (GeoMapApp, Virtual Ocean, EarthChem Portal) support multi-disciplinary research
and education. SESAR and the IGSN drive a global movement toward the adoption of persistent identifiers
for samples. Products: operational data repositories, products, & services; >40 abstracts at major confer-
ences (AGU, GSA, EGU, ESIP, etc.); peer-reviewed articles (e.g. Hsu et al. 2016, McNutt et al. 2016).

Ramdeen: No prior support from NSF.

Walls: EAGER. Collaborative Research: Evaluating Identifier Services for the Life Cycle of Biological
Data. Award: EF-1554930; Period: 2015-2017; Award Amount: $65,378. Intellectual Merit: This project
built a proof of concept portal that solved key challenges in managing large distributed datasets while con-
currently conducting research into the functionality of different identifier types and their use by biologists.
Broader Impacts: Identified major issues in managing large datasets that are not being addressed by current
data repositories. Proposed solutions from this project can improve national cyberinfrastructure for manag-
ing big data across many disciplines. One graduate student was trained as part of this project (currently
working at Google). Products: Five conference abstracts, three peer-reviewed conference papers and one
journal article were published (e.g., Esteva et al. 2019, Xu et al. 2016).

Vieglais: DataONE: Data Observation Network for Earth, #0830944, 8/1/2009-7/31/2014, $20M, and
#1430508, 10/1/2014-3/30/2020, $15M. Intellectual Merit: DataONE [U27] developed cyberinfrastructure
federating repositories globally and undertook community engagement and education to enable the long-
term preservation of complex, cross-scale, multi-disciplinary, and multi-national science data. Currently,
45 data repositories share a common API, making >8000,000 data sets searchable in DataONE [U27],
which are accessed hundreds of thousands of times every month [U27]. Broader Impacts: DataONE stim-
ulates workforce development through training workshops, development of educational materials, and com-
munity needs assessments. Products: operational data services, dozens of software products supporting the
DataONE cyberinfrastructure, and 73 peer-reviewed publications (including Michener et al. 2011, Murillo
2014, King 2007, Allard 2012, Michner 2015).

Davies: Collaborative Research: Biological Science Collections (BiSciCol) Tracker: Towards a tag-
ging and tracking infrastructure for biodiversity science collections (Berkeley Pl Davies, Deck, Smithson-
ian - Meyer) NSF DEB-0956426 10/01/10-09/30/14, $597,474. Intellectual Merit: The BiSciCol Project
drew on experience gained through the Moorea Biocode Project (Check 2006) to enable the semantic inte-
gration of sample-based databases by employing persistent identifiers and standards-based conceptual
frameworks. Broader Impacts: BiSciCol has helped bring together the Genomic Standards Consortium
(Field et al. 2011) and Biodiversity Informatics (TDWG) [U28] standards organizations through a common
Genomic Biodiversity Working Group as part of TDWG, co-chaired by Deck and Walls, with outcomes
influencing community standards (Deck et al. 2013). Products: BiSciCol has produced various data prod-
ucts, such as the BiSciCol Triplifier application (Stucky et al. 2014) and the Biological Collections Ontol-
ogy (Walls et al. 2014).
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