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21 1  Abstract

22 The historic view of metadata as “data about data” is expanding to include data about other items that must be
23 created, used and understood throughout the data and project life cycles. In this context, metadata might better be
24 defined as the structured and standard part of documentation and the metadata life cycle can be described as the

25 metadata content that is required for documentation in each phase of the project and data life cycles. This incremental
26 approach to metadata creation is similar to the spiral model used in software development. Each phase also has dis-
27 tinct users and specific questions they need answers to. In many cases, the metadata life cycle involves hierarchies
28 where latter phases have increased numbers of items. The relationships between metadata in different phases can be
29 captured through structure in the metadata standard or through conventions for identifiers. Metadata creation and
30 management can be streamlined and simplified by re-using metadata across many records. Many of these ideas are
31 being used in metadata for documenting the life cycle of research projects in the Arctic.

32 2 Introduction

33 The Data Life Cycle is a well know high-level description of typical steps or phases in scientific projects. There are
34 many descriptions of this life cycle that vary in detail, but Figure 1 shows a general framework that includes plan-

35 ning, data collection, analysis, archiving, sharing, and reuse. The first three phases of this life cycle are well known in
36 the scientific community as scientists have been planning experiments and observational campaigns for centuries in
37 the context of the scientific method [1]. The later phases (sharing, archiving, and reuse) have received considerable
38 attention during the last several decades as data collection and processing become more complex and expensive and
39 many scientific problems require large multi-disciplinary teams. Maximizing the value of data, both expected and

40 unexpected, is increasingly important. In fact, many would agree that the path connecting Data Sharing to Data Ar-
41 chive and Re-Use should not go through the End of Project, as sharing metadata (and data) before a project is over is
42 now considered a best practice in many discussions of open science.

43
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45 Figure 1. Overview of the Research Data Life Cycle [2].

46 The Open Archival Information System Reference Model [3] describes the processes and requirements for pre-

47 serving scientific data and sharing it with users (designated communities). The OAIS-RM lists six mandatory require-
48 ments for open archival systems. One of these is clearly related to documentation of the data: “Ensure that the infor-
49 mation to be preserved is independently understandable to the designated community. In other words, the commu-
50 nity should be able to understand the information without needing the assistance of the experts who produced the

51 information.” Addressing this requirement clearly requires documentation that includes an unstructured component
52 (papers, reports, presentations, ...) as well as a structured component. We term this structured, and typically stand-
53 ardized, component of the documentation metadata.

54 The important role of metadata in supporting data discovery, access, use, and understanding has been clearly

55 described many times and many of these discussions have focused on the discovery and re-use phases of the data
56 life-cycle as exemplified by the OAIS-RM requirement. The archive is responsible for ensuring that the data are inde-
57 pendently understandable. Clearly this requirement is difficult to satisfy without a significant collaboration between
58 the archive and the information provider and the OAIS-RM acknowledges this (requirement 1 is “Negotiate for and
59 accept appropriate information from the Information Producers”). Note that information includes data and docu-

60 mentation.

61 Several authors have discussed the concept of a metadata life cycle (see [4, 5] for example) and have emphasized
62 the importance of on-going metadata creation, either automated or manual, during the entire data life cycle. We ex-
63 plore this idea along with associated metadata properties and use cases, some of which are within the data life cycle
64 and some of which extend it. We also discuss a framework of metadata management that extends beyond specific
65 datasets to include projects and collection sites as well as a mechanism for linking metadata across elements of the
66 extended metadata life cycle.

67 3  Metadata Life Cycle and Spirals

68 The metadata life cycle can be described in terms of the phases in the data life cycle (i.e. collection/creation, shar-
69 ing, discovery), but these phases apply equally to each type of metadata rather than occurring just once in a project.
70 All metadata must be created, managed, and shared. We choose to focus on the metadata content that might be cre-
71 ated at different phases of the data life cycle rather than the process(es) used to create that content.

72 The software engineering community has recently been very successful by envisioning and implementing the

73 software development process as a series of spirals, each of which addresses a relatively small set of user require-

74 ments [6]. Each spiral involves several phases: requirements collection and prioritization, implementation, testing,
75 and, most importantly, on-going interaction with users. Each spiral builds on previous work and requirements are
76 addressed through a series of on-going iterations, each of which results in a more capable system.

77 Like a multi-spiral software development process, the creation of complete, high-quality documentation is an on-
78 going interaction between several groups. It is an end-to-end process that occurs many times during the complete
79 data life cycle. This idea was described in the NOAA Geo-IDE Wiki [7, 8] with spirals for identification, connection,
80 extent, distribution, text searches, acquisition information, content information, and quality/lineage (Figure 2) and
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81 these spirals were used to guide the development of metadata evaluation tools and related guidance for metadata
82 producers.
83
‘----------------------------------------------------.---H- ----- | Understanding .---.’
Identification Extent Text Searches H Content Information
Id Geospatial Bounding Box Purpose : Attribute Type
Title Temporal Start/End Extent Description . Attribute Names
Abstract Vertical Min/Max Lineage Statement H Attribute Definitions
Resource Date Place Keywords Project Keywords : Attribute Units
Topic Category H
Theme Keyword :
Metadata Contact LECREEREET .
Science Contact H
Connection Distribution | Acquisition Information Quality/Lineage
OnlineResource: Distributor Contact E Instrument Sources
Linkage (URL) Online Resource .+ | Platform Process Steps
Name Distribution Format E Instrument Keywords Quality Reports /
Description Data Center Keywords = | Platform Keywords Coverages
Function Browse Graphic H
84
85 Figure 2. Potential metadata improvement spirals (Documentation Spirals).
86 The NOAA spirals were developed with metadata for archived datasets and the OAIS-RM in mind, but the idea

87 can easily be extended beyond the data life cycle. NOAA's Satellite Products and Services Review Board [9] devel-
88 oped a system for accepting suggestions for new satellite products from users. The idea was that users would pro-
89 vide a fairly detailed description of a product that they would like NOAA to produce from operational satellite data
90 and submit that as a request to NOAA who would then evaluate the request and respond.
91 The SPSRB user request form included over fifty elements, many of which are included in the metadata standards
92 used by NOAA'’s Center for Environmental Information to describe datasets, e.g. technical and operational points of
93 contact, geographic coverage, horizontal and vertical resolutions, data format, horizontal accuracy, archive require-
94 ments, instruments for acquisition, ... This suggests that a useful metadata record could be created when the product
95 was initially suggested, i.e. before it was produced or archived, and developed through time, along with the product.
96 The idea that metadata could describe planned data acquisitions is actually much older than this NOAA project.
97 Appendix C of OMB Circular A-16 Revised [9] describes the history of the U.S. Federal Government guidance on spa-
98 tial data and notes that the purpose of the original circular written during 1953 was "to insure (sic) that surveying and
99 mapping activities may be directed toward meeting the needs of federal and state agencies and the general public,
100 and will be performed expeditiously, without duplication of effort." This duplication of effort was to be avoided by
101 U.S. agencies sharing information about where they would be collecting future data and what data they would be
102 collecting, so that other agencies could take advantage of shared data rather than (re-)collecting it themselves. This is
103 spelled out later in the Circular: “Federal agencies will promote and fully utilize partnerships that promote cost-effec-
104 tive data collection...”. The mechanism for sharing this data described in this circular was the FGDC Content Stand-
105 ard for Geospatial Metadata [11] that became the foundation for U.S. metadata systems and continues to be used in
106 many U.S. Agencies.

107 Habermann [12] integrated this idea with concepts from the ISO 19115 Geospatial Data Metadata Standard [13] to
108 create a proposed set of spirals covering the data life cycle from initial user request through OAIS-RM negotiations
109 (submission agreements) to feedback from real time and archive users (Figure 3). The metadata generated along this
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path would cover the typical basic metadata use cases (discovery and access, i.e. Figure 2) and also support a signifi-
cant step towards the more demanding data use and understanding use cases. This approach would also distribute
the metadata production process across time and, if the metadata were managed as one growing information re-
source, conserve valuable metadata produced early in the project for later use.

Algorithms &
Processing
Suggested Solution
ConOps

UserRequest
Title & Identifier
Points of Contact
Usage /Benefits
Cost/Value
Archive & Other
Requirements

Solution Analysis &
Selection
Instrument/Channel(s)
Algorithm(s)/Processing
Augxillary Sources

Granule Metadata
Service Metadata

ProductProduction
Technical Contact(s)
Algorithm(s) / Processing
Data Quality / Lineage

Auxillary Sources
Granule Metadata

ProductDevelopment
Technical Contact(s)
Instrument/Channel(s)
Algorithm(s)/ Processing
Data Quality / Lineage

l

Make it

ParameterProperties
Name & Units

Platform & Instrument
Vertical / Horizontal
Coverage & Resolution
Frequency & Timeliness

LT

Operationalize }EH’—?

Real Time Users
SpecificUsage
Limitations

Data Quality
Publications

Submission Agreements
Archive Contacts

SIP Format(s) &

Digital Transfer Options
Data Quality

Distributor/Archive
Archive Contacts

DIP Format(s) &

Digital Transfer Options
Ordering Processes
Granule Metadata

Service Metadata

ArchiveUsers
SpecificUsage
Limitations
Data Quality
Publications

Figure 3. Metadata content through the extended data life cycle [12].

4  Metadata Scope

The discussion above focused on metadata for datasets, as do many metadata standards and management sys-
tems built for data discovery. Historically, many satellite remote sensing metadata systems have described data using
two kinds of metadata: metadata for collections (or directory information interchange, see [14]) and metadata for

granules [15].

The ISO Metadata Standard [13] formalized this idea into a concept called metadata scope. The standard values
for scope are defined in a shared vocabulary (codelist) that contains the values listed in Table 1. The default value of
this codelist is dataset, but scopes, and therefore metadata records, can refer to subsets of a dataset, i.e. an attribute,
attribute type, coverage, dimension group, collectionSession, tile, etc. or to supersets, i.e. collection, aggregate, initia-
tive, productionSeries, etc. ISO Metadata records can also describe resources that are not data, e.g. document, reposi-

tory, sensor, or other metadata.

Table 1. Standard values for metadata scope from 1SO 19115-1 [13].

aggregate application attribute attributeType collection
collectionHardware | collectionSession | coverage dataset” dimensionGroup
document feature featureType fieldSession initiative
metadata model nonGeographicDataset | otherAggregate | platformSeries
product productionSeries | propertyType repository sample
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sensor sensorSeries series service software

tile transferAggregate
129 * - default value
130 The DataCite metadata schema [16] implements the metadata scope idea using the resourceTypeGeneral attribute
131 on the resourceType metadata elements. The values that attribute can have are listed in Table 2 and there is some
132 overlap between these two sets as one would expect (data types that are included in both lists are bold in Tables 1
133 and 2).

134
135 Table 2. Standard values for resourceTypeGeneral from DataCite [16].

Audiovisual | Dataset | InteractiveResource | Service Text

Collection | Event Model Software | Workflow
DataPaper | Image PhysicalObject Sound Other
136
137 There are many other examples of defining metadata types for different data types and use cases. In the W3C Da-

138 taset Profile for Health Care and Life Sciences, three types of metadata were identified (Summary, Distribution, and
139 Version), again each with specific requirements and targets [17]. Different metadata for different types has also been
140 demonstrated for data from the humanities [18,19]. Of course, definitions of some of these types may differ in detail,
141 but the important point is that metadata for different things has different requirements, elements, and conventions.
142 The inclusion of these different types as elements in metadata standards reflects the fact that many of these types

143 share common documentation needs and understanding these shared needs is an important standardization element
144 that can facilitate interoperability.

145 Another aspect of metadata scope that is important is that sub-sections of metadata records can have scope as

146 well as entire records. This capability is critical if, for example, a dataset has multiple attributes (e.g. variables or pa-
147 rameters), each of which has different quality assessment procedures or different processing software or tools. Simi-
148 lar differences in quality could occur across different tiles or collection sessions so the metadata that describes the

149 data quality needs to be connected to the part of the dataset that it is relevant to. These kinds of connections between
150 different kinds of metadata within a single record are very important as datasets become more complex and detailed
151 understanding becomes more critical during reuse.

152 This case is illustrated schematically in Figure 4 which shows a dataset (box) that includes multiple parameters of
153 different types (e.g. physical measurements, model results, reference data, ...). Each parameter (P1, P2, Ps) has specific
154 information about its content and structure (contentInformation), some parameters have elements that pertain only to
155 them (data quality and lineage for P1), and some metadata are shared between several parameters (spatialRepresenta-
156 tion for P2 and Ps). This approach essentially links multiple metadata sections in a single record and supports queries
157 like “give me the quality information related to parameter P1”.
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159 Figure 4. Schematic diagram of dataset with multiple parameters (circles), each of which has metadata.

160 5 Metadata Use Cases

161 The ultimate purpose of metadata is to answer questions about the resource(s) that they describe. The historical
162 focus on metadata for datasets is reflected in the commonly given definition of metadata: “data about data”. The

163 plethora of resources that can be described with metadata (listed in Tables 1 and 2) clearly suggest that this definition
164 is hopelessly out-of-date. A commonly used set of metadata use cases: discovery, access, use, and understanding, also
165 needs updating.

166 Several on-going projects combine to provide a good example of different types of metadata that address differ-
167 ent questions across the extended life-cycle illustrated in Figure 3. The Arctic Research Mapping Project [20] is de-
168 signed to help funding agencies, logistics planners, research investigators, students, and others explore information
169 about science being conducted across the Arctic and includes metadata about over 2700 projects funded by more than

170 18 different agencies. The metadata are created and maintained to help program managers at the National Science
171 Foundation (NSF), and other users, answer planning questions like:

172 ¢  Who has and is doing what, when and where?

173 ¢ How do we plan for logistics?

174 e  Where are medical facilities, field research stations, ship tracks, airports, etc.?

175

176 Requirements for these project metadata were initially developed by NSF and the Alaska Data Integration Work-

177 ing Group [21] during 2010 and they were implemented in the Content Standard for Digital Geospatial Metadata
178 (CSDGM) dialect developed by the U.S. Federal Geospatial Data Committee [11]. The implementation included

179 standard content as well as conventional uses of some elements, e.g. the bounding box gives the location of the logis-
180 tics site(s) for the project; and some extensions, e.g. an ids section was added to hold identifiers for several kinds of
181 organizations related to each project.

182 The project metadata requirements were re-implemented during 2014 using the ISO 191* dialects primarily be-
183 cause of the multi-national nature of research in the Arctic and because the required capabilities could be imple-

184 mented in a standard way (i.e. without extensions) in those dialects [21]. For example, the scope of the project

185 metadata could be unambiguously identified as “project” using a community-specific shared vocabulary (codelist)
186 and the structure of the metadata could be expanded to accommodate hierarchical structures associated with the ex-
187 tended project life-cycle described in detail below and summarized here.

188 The projects described by the ARMAP metadata involve observations made in some region of the Arctic. The de-
189 tails of the observation locations are not known during the earliest phases of project planning. Once scientists are on
190 the ground, they select collection sites based on local conditions. Projects typically encompass some number of collec-
191 tions sites and these sites make up the second layer of the metadata, i.e. Project/Collection Site.
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192 The collections site metadata addresses several questions that come up during the collection site selection phase.
193 These questions are particularly important in the Arctic, where physical access may be difficult or limited. These
194 metadata are designed to help the Principal Investigators answer questions like:

195 e Where are existing data collection sites and what is being collected there?
196 e  Where are more sites needed?

197 ¢ Who operates and manages existing sites?

198 ¢ Which sites can I use?

199 These questions reemphasize the importance of metadata during the initial project planning phases before any data
200 have been collected or analyzed. In this case they are designed to facilitate re-use of collection sites and simplification
201 of logistics and support.

202 As data are collected and analyzed, the dataset metadata can be written to document the specifics of the data and
203 the analysis. These metadata are generally more familiar than project or collection site metadata and are intended to
204 help scientists and other users trying to discover, access, use, understand, and trust the data:

205 e Is this dataset suitable for my research?

206 e Does it cover my area for the right time period?

207 ¢  How were the data collected and processed?

208 ¢ How was the quality of the data measured and documented?

209 e Are there papers or reports that used these data?

210 ¢ How doIaccess the data and who do I contact with questions?

211

212 These metadata questions and use cases provide background and motivation for describing resources that are not

213 just datasets, like those listed in Tables 1 and 2. These metadata can include structured and standard information that
214 is useful throughout the extended data life cycle shown in Figure 3, raising the possibility that metadata “workflows”
215 may connect multiple metadata records. The next section discusses an approach to organizing and connecting these
216 records.

217 6  Data and Metadata Hierarchies

218 Items that support these use cases can have many connections and kinds of relationships. Hierarchical relation-
219 ships and organization systems are ubiquitous in all scientific disciplines and familiar to all scientists and computer
220 users as hierarchical file systems. Files on our computers (and email messages) are organized into folders within fold-
221 ers that we use regularly without thinking. Figure 5 shows a general structure for these directories along with three

222 sample instances that hold information about a scientific project.
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223
224 Figure 5. Typical hierarchical file system for observational data.
225 The top half of Figure 5 shows a simple UML class diagram [23] for a hierarchical file system. Each directory can

226 have any number (0..¥) of parent directories or subdirectories, as well as one or more (1..%) files (ignoring empty direc-
227 tories at this point) and only one file called readme. The readme file holds the documentation for the directory, typi-
228 cally in a text description written when the directory is created (hopefully), and other files hold the data.

229 The lower half of Figure 5 shows three directories that hold data associated with the metadata use cases described
230 in the last section. The Project directory holds documentation for the project in a readme file and a subdirectory for
231 each collection site. The Collection Site directories hold a readme file that holds documentation for the collection site

232 and subdirectories that hold the datasets collected at the collection site. The dataset directories hold documentation
233 for the data in a readme file and files that contain the actual data.

234 This directory layout is simplified to illustrate the general case described above. In real situations there may be
235 layers for instruments, different collection times, quality information, and many others. In practice, the same infor-
236 mation might be organized differently given the preferences of the person doing the organization. Systems for defin-
237 ing hierarchies always need to be flexible and extensible.

238 6.1 Hierarchies in Metadata

239 As described above, hierarchies are ubiquitous in scientific data communities. Can these same concepts and struc-
240 tures be used to organize related metadata? Historically this requirement has been approached using the concept of
241 parent metadata [11, 13, 14] typically implemented as a reference to a collection included in metadata for datasets

242 (sometimes granules) that make up the collection. For example, a collection of bathymetry surveys can include thou-

243 sands of surveys from all over the world and the metadata for each of those surveys includes an identifier for the en-
244 tire collection, the parent. This approach provides the equivalent of a back button, leading from discovered resources
245 up one level, but it does not support an efficient mechanism for identifying the members of a collection from the par-
246 ent, i.e. all of the collections sites in a project.

247 The directory structure schematic in Figure 5 outlines the requirements for a generic hierarchical metadata struc-
248 ture: it must include containers that can hold metadata that pertains to themselves, i.e. readme files, as well as items
249 or references to other containers. These requirements are different than the historic requirements for dataset

250 metadata records just as requirements for directories are different than those for files.
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251 6.2  Metadata Hierarchies in ISO Geospatial Metadata

252 The ISO TC211 geospatial metadata standards [13] contain structures designed to support metadata hierarchies.
253 Standard aggregation types (directories) can contain information related to an initiative (DS_Initiative), a series re-
254 lated to a particular platform (DS_Platform), or a sensor (DS_Sensor), a series produced by the same workflow

255 (DS_ProductionSeries) or it can contain a set of items aggregated for some other reason (DS_OtherAggregate). Each
256 of these aggregates has a metadata record (MD_Metadata) associated directly with it and is composed of any number
257 of other records or containers.

258 The ISO standards are written as conceptual models, implemented in UML, that can be represented using what-
259 ever approaches communities choose. Standard implementations have been created in XML [24] and OWL [25], but
260 others are possible. The XML framework for a single directory with two items is:

261 <DS_OtherAggregate>

262 <has>

263 <MD_Metadata> <!-- Metadata for aggregate --> </MD_Metadata>
264 </has>

265 <composedOf>

266 <DS_DataSet>

267 <has>

268 <MD_Metadata> <!- Metadata for item 1 --> </MD_Metadata>
269 </has>

270 <has>

271 <MD_Metadata> <!- Metadata for item 2 --> </MD_Metadata>
272 </has>

273 </DS_DataSet>

274 </composedOf>

275  </DS_OtherAggregate>

276 The DS_OtherAggregate is the most general root element for the hierarchy framework. It could be any of the DS_*
277 elements listed above. It “has” metadata (MD_Metadata) that describes the aggregate (the readme file) and is “com-
278 posedOf” a DS_DataSet that contains the metadata record (MD_Metadata) for the items in the aggregate (files in the
279 directory).

280 6.3  Metadata Hierarchies with Identifiers

281 A second approach to metadata hierarchies has been implemented for humanities data at the DARIAH Reposi-
282 tory using generic handle [27] URLs as aggregation identifiers and extensions to the handle local identifier to indicate
283 members of the aggregation [18, 19]. Figure 6 shows an example for the handle 21.1113/0000-000B-CA4C-D which
284 identifies a container related to a book and extensions to that URL, e.g. /metadata, /index, link to various related

285 metadata with various types.
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Handle.Net®

Handle Values for: 21.11113/0000-000B-CA4D-C
Index Type Timestamp Data

1 CREATOR 2017-12-07 20:59:10Z PID Service pid-webapp-4.22.0.201711102014

2 ADM_MD 2017-12-07 20:59:27Z https://repository.de.dariah.eu/1.0/dhcrud/21.11113/0000-000B-CA4D-C/adm

3 FILESIZE 2017-12-07 20:59:27Z 29740496

4 RESPONSIBLE 2017-12-07 20:59:27Z BeataMache@dariah.eu

5 CHECKSUM  2017-12-07 20:59:27Z md5:11992dc328bde 12af856569641228b4

6 BAG 2017-12-07 20:59:27Z https://cdstar.de.dariah.eu/public/ EAEA0-67B7-F5SDC-4A4C-0

7 PUBDATE 2017-12-07 20:59:27Z 2017-12-07 21:59:19 +0100

8 PROV_MD 2017-12-07 20:59:27Z https://repository.de.dariah.eu/1.0/dhcrud/21.11113/0000-000B-CA4D-C/prov

9 URL 2017-12-07 20:59:27Z https://repository.de.dariah.eu/1.0/dhcrud/21.11113/0000-000B-CA4D-C

10 DATA 2017-12-07 20:59:27Z https://repository.de.dariah.eu/1.0/dhcrud/21.11113/0000-000B-CA4D-C/data

11 LANDING 2017-12-07 20:59:27Z https://repository.de.dariah.eu/1.0/dhcrud/21.11113/0000-000B-CA4D-C/landing
12 INDEX 2017-12-07 20:59:27Z https://repository.de.dariah.eu/1.0/dhcrud/21.11113/0000-000B-CA4D-C/index
13 METADATA  2017-12-07 20:59:27Z https://repository.de.dariah.eu/1.0/dhcrud/21.11113/0000-000B-CA4D-C/metadata
14 TECH_MD 2017-12-07 20:59:27Z https://repository.de.dariah.eu/1.0/dhcrud/21.11113/0000-000B-CA4D-C/tech

15 DOI 2017-12-07 20:59:27Z http://dx.doi.org/10.20375/0000-000B-CA4D-C

16 INST 2017-12-07 20:59:27Z 2000

100 HS_ADMIN 2017-12-07 20:59:10Z handle=21.11113/USERO02; index=1; [create hdl,delete hdl,read val,modify val,del val,add
val,modify admin,del admin,add admin]

Handle Proxy Server Documentation
Handle.net Web Site

Please contact hdladmin@cnri.reston.va.us for your handle questions and comments.

286
287 Figure 6. Example of metadata hierarchy using handles [19].

288 7  Metadata Components

289 The example shown in Figure 6 has several essential elements, identifiers for metadata associated with particular
290 kinds of things (projects, collection sites, datasets, landing pages, dates, etc.) and URLs that resolve those identifiers
291 into metadata (i.e. structured information) relevant to specific instances of those things. These elements allow

292 metadata organization and access to take advantage of the same benefits that we take for granted on the World Wide
293 Web: distributed resources linked together to provide information at various levels of detail. They also take ad-

294 vantage of persistent identifiers to encourage re-use of metadata which has the potential of greatly simplifying

295 metadata creation and management.

296 The NOAA National Centers for Environmental Information (NCEI) have taken advantage of a similar approach
297 in the Docucomp Component Management System [28] that supports creation and access to thousands of re-usable
298 metadata components for many kinds of metadata. The system is designed around the ISO TC211 Standards which
299 include the capability to attach identifiers to any section of a metadata record and to then include that section in any
300 other metadata record with a reference implemented using xLink as shown below. Docucomp includes metadata

301 components for over fifty kinds of metadata objects including: citations, responsible parties, platforms, instruments,
302 quality measures, spatial/temporal extents, coordinate systems, algorithms, process steps, license information, distri-
303 bution information, and many more.

304 This implementation differs from the DARIAH implementation shown above in that local identifiers (UUID’s)
305 that do not share a common root are used, rather than handles, and that metadata records are built by combining re-
306 source specific information with components that may be used in multiple records (thus no shared identifier root). In
307 this case, the metadata record is actually the collection of all relevant components and specific use cases are ad-

308 dressed by specific subsets of that collection. In the DARIAH case, the metadata are thought of more as separate

309 items that support specific use cases (tech-MD, prov_md, metadata, landing) and may not generally be viewed all
310 together except as a list of related links (Figure 6).

311 Metadata creators and managers take advantage of Docucomp by creating components for metadata fragments
312 that they expect to re-use in metadata records. Once those components are created, they can be referenced many

313 times. For example, the link <gmd:referenceSystemInfo xlink:href="https://www.ngdc.noaa.gov/docucomp/895cc120-
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314 95ed-11e0-aa80-0800200c9a66" xlink:title="WGS 84 / World Mercator"/> resolves to metadata for the WGS84 coordi-
315 nate reference system that is used in many geospatial datasets. Using this component in those metadata records sim-
316 plifies the inclusion of coordinate reference system metadata and also ensures consistent information about this refer-
317 ence system in all of the records that reference the component. The NCEI system monitors the integrity of the compo-
318 nent links over time using standard link checkers and provides a standard report of component usage to metadata
319 managers. It is not unusual for single components to be used in 10-100 metadata records.

320 This approach directly addresses a common obstacle to creating metadata: complexity of metadata dialects (per-
321 ceived or real) and time required to learn how to create metadata in these dialects. A system built around re-usable
322 components allows metadata creators to pick, for example, the WGS84 coordinate reference system to include in a
323 metadata record without any knowledge of the details of how it will be represented in the metadata. The component,
324 created by a metadata expert, ensures correct, consistent and complete content. This approach is also implemented in
325 the open source catalog application and metadata management tool GeoNetwork [29] where components are termed
326 “fragments”.

327 Another example of this approach comes from the Biological and Chemical Oceanography Data Management

328 Office [30] at Woods Hole Oceanographic Institute. BCO-DMO is a data repository that curates data from many sci-
329 entific programs. They provide metadata for these datasets in many formats on top of a linked-data management sys-
330 tem based on the Resource Definition Framework (RDF). In contrast to the NCEI system, therefore, the native format
331 for BCO-DMO components is RDF. Several of these references are used in this citation from a BCO-DMO metadata
332 record with the familiar identifier/URL pattern:

333 <citation>

334 <CI_Citation>

335 <title>

336 <Anchor xlink:href=http://lod.bco-dmo.org/id/dataset/3673.rdf

337 xlink:actuate="onRequest">GT11 - CTD - GT-C Sample Logs from the U.S. GEOTRACES NAT project of the
338 U.S. GEOTRACES program</Anchor>

339 </title>

340 <citedResponsibleParty>

341 <CI_ResponsibleParty>

342 <individualName>

343 <Anchor xlink:href=http://lod.bco-dmo.org/id/person/50984.rdf

344 xlink:actuate="onRequest">Dr Edward A. Boyle</Anchor>

345 </individualName>

346 <organisationName>

347 <Anchor xlink:href=http://lod.bco-dmo.org/id/affiliation/222 rdf

348 xlink:actuate="onRequest">Massachusetts Institute of Technology</Anchor>
349 </organisationName>

350 </citedResponsibleParty>

351 </CI_Citation>

352  </citation>

353

354 This example uses components in RDF for the resource, the author, and the institution and the creator of the

355 metadata can pick appropriate instances of these types during the metadata creation process. The standard ISO ele-
356 ment Anchor is a substitution for a generic character string used to alert clients that the link given in the href attribute
357 is important in this case.

358 8 Real-World Example

359 The hierarchy introduced above with three levels Project, Collection Site, and Dataset) has been implemented by
360 the ARMAP project [20] along with a set of web services that connect the hierarchy levels (shaded arrow in Figure 7).
361 The project metadata are created and stewarded by Polar Services Inc. in Denver, Colorado, as part of logistical sup-

362 port for the NSF Polar Program and each Project contains several collection sites. Five collection sites are shown for
363 one project in Figure 7. The collections site metadata are created and stewarded at the University of Texas El Paso,
364 and the dataset metadata is created and stewarded at Universities and Data Centers all over the world (DM in Figure
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365 7). The long-term goal of this project is to connect the collection sites to datasets that are collected at those sites (open
366 arrows in Figure 7). Four datasets are shown for one collection site in Figure 7.

Project Metadata Web Service Response

Project
Me

Collection
Site Metadata

Dataset
Dataset

L] | Collection Site

] Project Metadata

367

368 Figure 7. Hierarchical metadata distributed and connected by web services.

369 This distributed system introduces a benefit of hierarchical metadata that is not readily apparent from the discus-
370 sion above. It facilitates spreading metadata creation and stewardship responsibilities across organizations with

371 vested interests in different users of the hierarchy. In this case, Polar Services Inc. is primarily interested in serving

372 project managers, planners, and logistics support groups that think about projects, so they handle the project

373 metadata. The collection site metadata are created and stewarded in Texas as part of the Arctic Observing Viewer
374 Project [31, 32] that focuses on locations, activities, and resources and includes information about well over 10,000
375 collection sites. This metadata is useful for detailed planning and for users interested in Arctic observational contexts.
376 Finally, the dataset metadata are created and stewarded by scientists and data repositories that support scientific re-
377 users during later stages of the project life cycle. No single organization alone can steward all of the metadata, but
378 together they support the entire project life-cycle.

379 The project metadata are available in several formats (FGDC, ISO 19115-2, ISO 19115-3) through a web query in-
380 terface (ARMAP). Both ISO formats provide project metadata using the hierarchical structure described above. The
381 query interface provides metadata for multiple projects in a single response, effectively adding another layer to the

382 hierarchy (left side of Figure 7). This schematic demonstrates that collections across complete hierarchies could be
383 quite large, e.g. 4 projects X 5 collection sites / project X 4 datasets/collection site = 80 metadata records.

384 In order to avoid transferring large amounts of metadata, the web services support progressive discovery through
385 the hierarchy using references (i.e. links) to metadata components and records rather than the records themselves. In
386 the ISO Standards these links are implemented using the xLink standard (XLink) and the collection site element of
387 the project metadata is a link to a list of collection site metadata records. For example, the list of collection sites for
388 project 0084858 is given by:

389

390  <composedOf xlink:href="http://arcticobserving.utep.edu/DataCollectionSitesComponents/0084858Col-
391  lectionSiteList.xml " xlink:title="Collection Sites for Project 0084858" />

392

393 This collection site list is itself a metadata component like those discussed above. These collection site lists change
394 infrequently, so they are stored in XML files that are updated when needed rather than in a database as in the exam-
395 ple from NCEI discussed above. This demonstrates a well-known benefit that web services can be implemented in
396 front of back ends that are appropriate for the organization serving the data and the specific requirements.
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397 The collection site list also takes advantage of references to components to minimize network trafficand allow
398 users to select the collection sites that they are interested in. For example, the list of collect sites looks like:
399

400 <DS_DataSet>

401 <has xlink:href=http://arcticobserving.utep.edu/DataCollectionSitesComponents/AutonomousOcean-
402 FluxBuoy(AOFB) gbe8j269v2de AOFB4 270.xml xlink:title="AutonomousOcean-

403 FluxBuoy(AOFB)_gbe8j269v2de_AOFB4_270"/>

404 <has xlink:href=http://arcticobserving.utep.edu/DataCollectionSitesComponents/AutonomousOcean-
405 FluxBuoy(AOFB) gbe8j269v2de AOFB3 271.xml

406 xlink:title="AutonomousOceanFluxBuoy(AOFB)_gbe8j269v2de_AOFB3_271"/>

407

408 </DS_DataSet>

409

410 and each of these is a link to a single collection site metadata record. In this case, entire collection site metadata rec-
411 ords are treated as components with the DS_DataSet providing a standard wrapper. Note that the hierarchy imple-
412 mentation currently ends at the collection site level. Future AOV plans will connect the collections sites to datasets
413 using the same mechanism.

414 9  Conclusions

415 The classic definition of metadata, i.e. “data about data”, is ubiquitous (Wikipedia), but covers only a fragment of
416 the important roles that structured and standard documentation plays throughout the extended data life-cycle from
417 project inception and planning through long-term use and re-use of data and related results. As projects move

418 through this cycle, many different users, i.e. planners, project managers, principal investigators, and scientific com-
419 munities, benefit from metadata about many different kinds of things. Examples of metadata about projects, collec-
420 tion sites, and datasets were described here and others have described metadata about many other kinds of things
421 (people, institutions, provenance, algorithms, dates, software, ...).

422 This more comprehensive definition of metadata brings with it a broadened idea of who metadata management
423 systems might serve and how they might operate. There are a growing number of examples of metadata systems that
424 are built with the concepts of linking related metadata using approaches that have become commonplace in the

425 World Wide Web and in the linked data world. These systems can be linked using a variety of persistent identifiers,
426 URIs, and URLs.

427 Managing metadata as sets of linked resources, like we manage web pages and complex datasets, brings benefits
428 of create once and re-use many times to metadata management. This greatly simplifies metadata creation while im-
429 proving completeness and consistency, goals that are difficult to achieve in more typical record management sys-
430 tems. When combined with metadata hierarchies, and other generic link structures, this approach also facilitates sep-
431 aration of metadata creation and maintenance concerns.
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