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Abstraci—Rich metadata is required to find and understand
the recorded measurements from modern experiments with their
immense and complex data stores. Systems to store and manage
these metadata have improved over time, but in most cases are
ad-hoc collections of data relationships, offen represented in
domain or site specific application code. We are developing a
general set of tools to store, manage, and retrieve data-
relationship metadata. These tools will be agnostic to the
underlying data storage mechanisms, and to the data stored in
them, making the system applicable across a wide range of
science domains.

Data management tools typically represent at least ome
relationship paradigm through implicit or explicit metadata. The
addition of these metadata allows the data to be searched and
understood by larger groups of users over longer periods of time,
Using these systems, researchers are less dependent on one on
one communication with the scientists involved in running the
experiments, nor to rely on their ability to remember the details
of their data. In the magnetic fusion research community, the
MDSplus system is widely nsed to record raw and processed data
from experiments. Users create a hierarchical relationship tree
for each instance of their experiment, allowing them to record
the meanings of what is recorded. Most users of this system, add
to this a set of ad-hoc tools to help wusers locate specific
experiment runs, which they can then access via this hierarchical
organization. However, the MDSplus tree is only ome possible
organization of the records, and these additional applications
that relate the experiment 'shots' into run davs, experimental
proposals, loghook entries, run summaries, analysis work flow,
publications, etc. have up until now, been implemented on an
experiment by experiment basis.

The Metadata Provenance Ontology project, MPO, is a
system built to record data provenance imformation about
computed results. It allows users to record the inputs and outputs
from each step of their computational workflows, in particular,
what raw and processed data were used as inputs, what codes
were run and what results were produced. The resulting
collections of provemance graphs cam be annotated, grouped,
searched, filtered and browsed. This provides a powerful tool to
record, understand, and locate computed results. However, this
can be understood as one more specific data relationship, which
can be construed as an instance of something more general.

Building on concepts developed in these projects, we are
developing a general system that could be used to represent all of
these kinds of data relationships as mathematical graphs. Just as
MDSplus and MPO were generalizations of data management
needs for a collection of users, this new system will generalize the
storage, location, and retrieval of the relationships between data.
The system will store data relationships as data, not encoded in a
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set of application specific programs or ad hoc data structures.
Stored data, would be referred to by URIs allowing the system to
be agnostic to the underlying data representations. Users can
then traverse these graphs. The system will allow users to
construct a collection of graphs describing ANY OR ALL OF the
relationships between data items, locate interesting data, see
what other graphs these data are members of and navigate into
and through them.
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I BACKGROUND

A Evolution of data handling systems.

Over time the tools for data management are becoming
more general at higher and higher levels of abstraction
Handwritten observations were supplanted by automated
recording devices. These evenfually gave way to computer
based data acquisition programs, purpose built to record
specific measurements or diagnostics. In the 1980s general
purpose data collections systems abstracted data acquisition
and data storage This was followed by systems such as
MDSplus[1] which added higher level abstractions and
significant metadata to create a system where data could refain
their meaning over long period of time Information that
previously had to be gathered by speaking with the original
owner of the data, or by reading their lab notebooks was now
tightly bound to the recorded data Flectronic 1ab
notebooks[2][3], document management systems, and
experiment planning systems provide searchable metadata that
can be wused for exploration and discovery. These
representations of the connections between data give the results
meaning and context. The tools for storing and exploiting
these metadata tend to be purpose built, analogous fo the
purpose build data acquisition programs of the past. Owver time
we have generalized successively higher level functions. The
next logical step is a generalization of the metadata system,
supporting data discovery not only through search but
enabling more powerful, multi-faceted browsing.

I INTRODUCTION

A Data is easy, usable knowledge is hard.

Data collection has evolved from hand wntten
observations, to automatically recorded instrument readings,
and now includes a wide variety of high resolution, high speed
recording devices. If is relatively easy to acquire gigabyte or
even petabyte data sets. At the same time the cost of storage for
these data has been steadily decreasing. This makes it feasible
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to record extremely large data sets. Increases in available
computing power along with decreases m hardware and
software costs have largely kept pace, so that we can not only
store but also retrieve and process these data.

For example the Alcator C-Mod experiment, which has
been operating for 25 years, began collecting about 1 megabyte
of data per shot, totaling 30 megabytes per day, or 15
gigabytes per year. At that time this was achievable using one
or two mini-computers and one rack of magnefic disks.
Twenty-five years later the experiment acquires 15 gigabytes
per shot — totaling 45 Terabytes per year, and this can still be
done by one current generation server, and one drawer of disks.

Ower this period the data increase was due to both the size
of the average data item and in the mumber of items The
current 15 gigabyte Alcator C-Mod pulses have over 240,000
records, recording the measurements from approximately 100
diagnostics. The ease with which these data can be collected
makes it imperative that the scientists involved put significant
effort into data organization

Ease of collection and storage can hill users into thinking
they don’t need fo work at organization Scienfists used fo
carefully file or paste into lab notebooks their hand drawn
graphs, and later polaroid pictures of oscilloscope or computer
storage displays. These could reasonably be found, understood,
and used for further analysis, assuming that chronology was a
sufficient organizing prnciple, simply by finding the
notebooks in question or speaking with the people responsible
for the data.

The growth in size and complexity of scientific data sets
exacerbates the problems associated with data discovery and
understanding. It is no longer possible fo view even a small
fraction of the total data set. Larger projects are products of
collaborations with large often geographically distnbuted staffs
and students who may not be involved over the whole life of
the expeniment These issues are domain independent
Researchers in physics, earth science, life sciences, genefics,
social sciences all share these concerns and recent commmmity
workshops have highlighted these challenges [4][5].

I APPROACH

A Generalize the representations of data relationships

A peneral metadata scheme needs to be able to refer to
heterogeneous stored data. This is the case even within a
single project, as there are almost always a variety of kinds of
data that the system nmst represent For the system fo be
applicable across vaned projects in different research domains,
this is even more imperative, since they are unlikely to share
underlying data storage mechanisms Uniform Resource
Identifiers (URIs) provide a mechanism to homogenize
heterogeneous resources. A URI is a string of characters used
to identify a resource. Such identification enables interaction
with representations of the resource over a network, typically
the World Wide Web, using specific protocols [6].

The system needs to be cognizant of the complexity and
gramlarity of the data objects it refers to and the needs of
usable, user-facing interfaces. While the URIs mmst be very
specific in order for the graphs that contain them to resolve to a
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particular data object, it is often desirable to have an easier to
understand shorthand to display in some applications. For
example, given an analysis that refers fo a specific viewing
cord or profile from a diagnostic, this detailed information is
required to know the provenance of the quantities computed.
At the same time, it may be advantageous to display this by
naming the diagnostic, or experiment pulse, or experiment as a
whole. To be useful the URIs mmst refer to specific immutable
things, this in tum requires that storage mechanisms support
B. Relationships are graphs

Relationships between stored data are represented as
graphs. That is, collections of wertices (nodes) and edges

{connections). There are relatively few classes of graphs that
the system will need to represent Collections of these

metaschemas form the schemas for the relationship data for
each application domain Tools can be developed to operate on
each graph type. These tools can then be applied to all of the
graphs of that type in the domain specific schema At this fime
we plan to support hierarchical trees, ordered and unordered
sets, timelines, directed acyclic graphs, and threaded
arise.

C. Schema as data

The schemas, that is the collection of graph types, for a
given domain will be represented as uniformly accessible data,
rather than in application code or disjomnt data stuctures. This
allows administrators, or even users, fo easily add new
relationships which can then be exploited by the user
community. We will provide applicafion programming
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interfaces to construct and explore the defined relationships.
We also plan to implement a web based graphical user
interface to inferact with these schemas.

D Instances as data

The relationship data can be divided into three broad
categories based on their rate of evolution, though they may
share representation and implementation Fach use of the
system will have collections of stafic descriptive metadata that
describe the project as a whole. The nodes of these graphs may
contain URIs to refrieve detailed records about the project. For
example, the mechanical drawings of the experiment the
material properties of its components or the major parameters
of its design.

The next class of metadata are applied to slowly changing
quantities. Again they may or may not contain URIs for
refrievable objects. For example, in MDSplus the model is the
basis or schema for new free instances that hold the data from
subsequent mns of the experiment This structure changes
slowly, and its coherence allows familiar users to navigate the
trees which contain the data for each experiment pulse.

The final class of metadata describe the stored data records
from the experiment. The nodes of these graphs contain URIs
for retrievable data instances. This will, by far, contam the
largest mumber of records. Examples of these include the
MDSplus tree structure, logbook entries about specific shots or
stored quantities and so forth.

As with the schemas, we will provide application
programming interfaces and web based graphical user
interfaces to populate and explore the descriptive metadata of
the experiment. After navigating to any data reference, users
can ask: what other graphs is this object a member of? That is,
what other data is related to this item? What are ifs neighbors
in these graphs. This provides a rich environment to document
and exploit stored results.

IV. EXaMPLES

A Library

A library provides a simple analogy which illustrates the
main features of the system A library holds a collection of
resources, books, joumals, databases, etc. These items have a
primary orgamization — the order of the books on the shelf or
the order of the cards in the card catalog. This was generalized
when the catalogs were computenized, so that customers could
effectively re-sort and search the catalog entries by any of the
metadata that the library has for each item However, there is
something special about the order of the books on the shelf —
it is the only relationship that can be browsed physically.
Using the catalog users can track down a specific resource,
then go to the stacks, find it and browse through the adjacent
items. What if they could easily browse items with different
adjacency criteria? What if these criteria were extensible and
annotatable? What if the new criteria and annotations were
accessible to all of the library’s customers?

B Magnetic Fusion Research

Much of the world wide magnetic fusion energy research
community uses the MDSplis system to store and organize
their acquired and computed results. The data have a primary
organization into shots or pulses, each of which has a
hierarchically organized record store, with a URI-like access
mechanism (though with rather different syntax). The
hierarchy, or tree, allows users to create associations between
stored data items. For example, a temperature diagnostic might
have a tree structure with fextual descriptions and final
computed results at the top, and the details of the acquired data,
and the computation at lower levels of the tree.

Users familiar with the overall layout of the free can
browse and search to find measurements they are interested in.
Once found, the associated nodes near them provide the
context that gives them meaning.

Additional site-local data structures and programs store
additional metadata that can be used to locate shots and records
of interest. Texiual logbook entries describe shots and their
contained measurements. Numerical tables summanze and
mdex the shots. Drawings and specifications are stored in
document management systems. Expenment planning and
scheduling documents are indexed, and related to the mn days
assigned to them Figure 2 shows the heirarchy and sof the the
loosely coupled tools for the Alcator C-Mod expenment.

The navigation between these domains tends fo be
unidirectional and only between specific classes of records.
Applications need to be programmed using specific knowledge
of each underlying data and metadata structure. This new
system will allow the data to be members of as many
relationship graphs as needed It will enable very general
applications which allow users to navigate within and between
these graphs at will.

C. Metadata Provenance Ontology Project

The metadata provenance ontology (MPO)[7] system
constructs provenance graphs of computational workflows.
These directed acyclic graphs can be used to locate and
understand the origins of computed results, showing which
acquired and computed quantities were used in the
computational pipeline. The graphs can be grouped into
collections, annotated with comments and augmented with
structured metadata. Note that some of the nodes of these
provenance graphs refer to data stored in MDSplus. Navigating
these praphs provides context needed to understand the
meaning and provenance of stored results. However, the
system is limited to the prescnibed data relationships. Data
associations can be seen from the MPO tools (1.e. what raw
data was used for a computation) cannot be seen symmetrically
from the data storage tools referred to. This is another
asymmetric, purpose built relationship graph, that can be
generalized providing additional functionality to the users.
Figure 3 shows web based data provenanace displays and
navigation.

D. Other Research Fields



Since the same issues come up in life sciences, earth
sciences, and even social sciences, similar examples can be
found in other areas of research. The hyperstudio group at
seemingly as far from magnetic fusion as possible and
providing a measure of the generality of the problem and
solution From their web site[8]:

HyperStudio explores the potential of
new media technologies for the
enhancement of education and research
in the humanities. Cur work focuses on
questions about the integration of
technology into humanities curricula
within the broader confext gf scholarly

inguiry and pedagogical pracfice.

Our central goal is to provide individual
digital humanities project participanis
flexibility in modelimg, analyzing, and
prasenting their materials as they choose
— while also allowing researchers fo

combine features from other projects in
innovative ways.

This mission and goal align well with the work we are
proposing and their annofation sfudio[9] has many of the
features we are describing. The data from Comédie-Francaise
Registers Project[10] is an example of a large set of data that
can be explored interactively by looking at the connections and
relationships between the stored values. In this project indexes
the box office receipts and other records from over 100 years
of theater performances in Paris. This data set, could be
represented in this new system, this would allow users to
extend the relationships between items, and with historical
events.

V. CoNCLUSION

The relationships between pieces of data are what gives
them meaning. and documenting these relationships
allows these data to be used by wider groups of users over
longer peniods of time. Over time data collection, organization,
has taken place it has become easier for users to exploit their
data. We are creating a system to represent relationships
between stored data in a general extensible, data dnven

[ mapsy Wit ot
= 3 O L g s A o e i s a ﬂ B2
WHome o Weklows  CDelsObjects [ Colectiors W Cabection Cat 0, Search g o
MPO Workflows [T
Creation
Filler woridiows == Compochnd Desorioeion Tima Cowments  Qualky
e AT DA g - CTRRCI -] - |
kil DD TERTCHS Pakdb T i 2
P
o L BT =
TEETT
R —— T B ol Ry | B TS B - T 44 T . n =
R w O D s e gl A s tene s an et o 1S TES B E - 25aE- 4445 - BEOE A5 H il S uﬂ =
TivE BRE [ "; o Home + Wonciowe Jain Objecss DD Codections W Colection Gt QL Searrh @ mordema
RamE w
BEECFIFTICH
s T d T migresnGMITEDU / Gyra /3 & wigmes@ai T 500 2016-07-10 11
LAST Kase | Deacrighion fest @l mpo nlerface
" p v
I e r—
w ———
m ~Tiness |:I:fr|'l - ¥ Assnciaing Collections [Disgley]
| f = PR e
W R H"\:’___
| s (e G o R
L ] - ‘-\-‘-‘—\_'_o—-
1 EFIT inpuin A S-OAD A &38ET
| '
|mm..-. EF Ihmm TSduts | | Pooaees XBOS T ctina o il
I o e— e s
—= —— — —— —_*'— 1 Process OATT g bR e LR EE - o
(:-: Dy _:} 1 {'ﬁ halgats
— = I rcrigon: (Ao s PECUEG VIR B TV CLENALHE
B i el e b il 4 e
) ]
Calllae) proceissd dils
- I A GO et T ok e tating Ay TS0 IT0-2F 17 1400
0 BT Dl puits gk e
Gm[‘"":ﬁ 1 Procass TS dobs SO SO0 14338
M‘
| Weite Nerwatization lnput Fiie | Wite Neswatieation Haech File 1 s 390E 1 gt G A5
Figure 3 —Metadata Ontology Provenance (MPO) displays. hitp://mpo.psfc.mit.edun/ .




manner. This system will facilitate exploration and discovery
activities on store data from research endeavors.

Data will be represented by URL regardless of their source
or storage mechanism_ this enables the system to operate on a
wide vanied of stored data, and across research domains. The
URIs will be very specific as to the data they refer to, but will
can be referred to or displayed by the identifiers of enclosing or
related items.

The system will make data findable through searchable,
browsable, filterable metadata and comments. Since
provenance is one of the data relationships we will support, it
will facilitate the venfication of computed results, helping to
preserve the traceability and integrity of research products.

Using these tools data will be able to retain its meaning
over time and through personnel changes. This problem is
general, and its solution will be applicable across a wide
variety of research domains.
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