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Abstract
"Interoperability" can apply to many aspects of both the developer and the end-user
experience. The Planetary Data System PDS4 redesign effort included aspects of
interoperable design not only in its information model, but in the development of
that model and in the design and implementation of the infrastructure that supports
the archive holdings. We discuss how issues of interoperability were addressed in
each stage of the design and development process, focusing primarily on semantic
interoperability.
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1.0 Introduction
Advances in the development of information architectures and supporting
technologies now make interoperability across Planetary Sciences and
Heliophysics digital repositories possible. However the level of interoperability
that can be attained is directly related to the amount of knowledge about the digital
repositories that is commonly accepted and that can be shared. The challenge is to
formally capture and share the knowledge necessary to meet interoperability
requirements.
In general the term interoperable is or relates to the ability to share data between
different computer systems. In the following more specific aspects of
interoperability are described.

1.1 Agency-to-Agency level
At the Agency-to-Agency level independent systems do not share a common
infrastructure but are interoperable because of a mutual interest in the information
products.
This type of interoperability is supported by the underlying standards. A good
example is the interface between PDS and its deep archive, the NASA Space
Science Data Coordinated Archive (NSSDCA). The "information package", the
information stored by the archive [1], provides the interoperability link needed to
connect the two and support this vital relationship. Commonality of structure and
metadata concepts shared by both institutions simplifies the transfer of information
and the core operations of the target (NSSDCA) process.
Interfacing with other archives built on the same standards is accommodated by the
common terminology and structural skeleton defined by the standards.

1.2 Semantic level
At the semantic level systems interoperate based on the commonality of definitions
of key concepts. These common definitions present an interface between the
systems. The common definitions can also be viewed as shared knowledge.
The development of the PDS4 Information Model (IM) [2, 3, 4] and its partition
into discipline namespaces is an application of this. The model-driven design

paradigm prevents unintentional bifurcation of meaning and supports partitioning
of the model into namespaces that can be mapped directly to and managed as
distinct contexts. A namespace provides a unified set of attributes to define
something like display orientation in all product contexts in which the concept is
applicable. The common definition provides the basis for programmatic
interoperability by providing developers with a single reference point for display
information. And that, in turn, enables applications and other namespaces to take
advantage of the established terminology to, for example, describe target
orientation within a displayed image.

1.3 Application level
At the application level, the systems support interactions between disparate
systems and make the interactions look seemless from the end user’s perspective.
The The EuroPlaNet (EPN) Table Access Protocol (TAP) [5] interface and Virtual
European Solar and Planetary Access (VESPA) [6] projects are good examples of
this - adding a software layer between application and target archive that allows a
user to treat products from disparate sources as computationally equivalent. The
PDS4 service structure and its Application Program Interfaces (APIs) are designed
to support this sort of interoperability, and the PDS4 Information Model can
support the semantic translation mapping needed to interface the PDS4 named
concepts to those in the target environment.

2. A Brief History of Semantic Information in the Space Sciences
Since before the advent of the World Wide Web, shared knowledge and
interoperability have been community objectives in the space sciences. In 1982 and
1986 the Committee on Data Management and Computing (CODMAC) issued
reports that set guidelines for the development of science data archives [28, 7]. The
committee recommended that sufficient ancillary and metadata be captured and
archived with the data to ensure that future users of the data would be able to
understand how to interpret the science data formats as well as understand the
context under which the data was collected and processed.
The Planetary Data System (PDS) was established in 1989 based on CODMAC
principles. In 1999, after the advent of the World Wide Web, PDS deployed the

PDS Distributed Inventory System (DIS) [8] which harvest metadata from PDS
product labels and provided a product location and retrieval services across the
PDS’s heterogeneous and distributed nodes. Also in 1999, the Interoperable
Systems for Archival Information Access (ISAIA) team [9] was formed as a
collaboration of several space science repositories, including the PDS, with the
ambitious goal to provide an “interdisciplinary data location and integration
service for space science” [10]. The importance of metadata standards was
highlighted.
In 2001, Uschold [11] argued that a “single shared ontology” is critical for
developing a digital library that enables semantic interoperability across
disciplines. And in 2002, the report prepared by the National Virtual Observatory
Science Definition Team [10] emphasized standards for metadata and data formats
for accessing large astronomical data sets.
Over the ensuing decade and a half, there have been many successful efforts where
shared knowledge has been collected in support of data access and interoperability,
but these successes have typically been limited to single communities. The PDS is
one of the few successful efforts for an interdisciplinary community. There have
been many lessons learned [12] for example:
• There is never a definitive, exhaustive source; and it is not uncommon to
find contextual nuance at work in the use of discipline terms that are
considered ‘well-known’.
• The shared knowledge is almost impossible to manage as a single monolithic
unit because of the disparate sources but should be partitioned in order that a
multi-level governance scheme can be applied.
• The knowledge to be shared must be collected in a formal language using
accepted standardized modeling methodologies otherwise inconsistencies
and ambiguities will over time significantly degrade the effectiveness of the
knowledge.
• The stability of an information system is highly dependent on the stability of
the shared knowledge. But at the same time, the shared knowledge must
evolve to remain relevant as the science discipline evolves over time.
2.0 Overview of the PDS4 Information Model

As part of its information architecture, the Planetary Data System (PDS) has
developed the PDS4 Information Model1 [2, 3, 4]. This model captures the
knowledge about the planetary science digital repository at several levels of
specificity and provides a means by which both humans and machines can
“communicate” about the digital content of the repository. The PDS4 Information
Model is also leveraged as a set of information requirements that drives the PDS4
Information Architecture [13] and enables interoperability across the diverse
science disciplines in the planetary science community. Multi-level governance
Figure 1, instituted at the common, discipline, and mission levels, enables
interoperability, helps manage the complexities of development, and allows the
model to expeditiously evolve over time.

Figure 1- Mult-level Governance in the PDS4 Information Model

At the common or upper level of an information model resides the knowledge
about what “things” (digital objects and products, in the case of the PDS archive)
can be located and retrieved and how they are identified, referenced, and packaged.
Digital objects in the repository must also have representation information
provided in logical and well-defined terms so that they can be properly interpreted
for scientific studies. At the next level, shared knowledge in specific disciplines
must be available to understand and advance science, for example standard
geometry models are needed to determine location and standard cartography
models are needed for maps. Finally, a standard vocabulary is required within
individual teams to communicate and effectively support the investigation.

1

An information model in data engineering is a representation of concepts and the relationships, constraints,
rules, and operations to specify data semantics for a chosen domain of discourse. It provides a sharable, stable,
and organized structure of information requirements or knowledge for the domain context. [24]

3.0 Foundational Principles
To provide a stable foundation for the PDS4 Information Model and to keep it as
broadly applicable as possible, several established meta-models were adopted as
illustrated in Figure 2. The ebXML federated registry model [14] provided
essential definitions for a federated registry, including the registry object and
registry object typing, identification, and tracking. These definitions were
incorporated into the model so that the model could in turn be used to configure a
registry for specific types of registry objects. The Open Archival Information
System (OAIS) Reference Model [1] provided core definitions for the model,
namely the digital object, information object, information package, and a metadata
classification scheme. The ISO/IEC 11179 [15] metadata registry reference model
provided a data dictionary schema that is sufficient for defining science terms
including their names, definitions and data types. When the data type is an
enumerated list the definitions of each item in the list are provided. There is also
the option to indicate units of measure and provide terminological entries for
example, alternate-language definitions for any and all of the above.

Figure 2- PDS4 Information Model
In the PDS4 Information Model each “thing of interest” to the community, for
example a planetary image, is defined to the level necessary to meet the functional
requirements of the system. This definition is the Domain Knowledge depicted in
Figure 2. Sufficient representation information must be available for a digital
object such as the planetary image to be interpreted and used in science research in
the specific domain. In comparison, the information about the mission that

collected the digital object may be limited to its name, a short description, and
references to supporting documentation.
A fundamental principle used in the development of the PDS4 Information Model
is that the model remains independent from its implementation. In a classic
enterprise architecture such as that presented in the Zackman Framework of
Enterprise Architecture [16] the architecture is partitioned into architectural
elements, for example “why”, “how”, “what”, “who”, “where” and “when”. Each
element is then modeled at five levels, from contextual to the detailed. The PDS4
Information Model encompasses the “what” element of the architecture, that is, the
data being processed or archived. The model is agnostic to the other elements,
especially the “how”, or the implementation element of the architecture. A model
that is independent of the implementation is inherently more stable because it can
more readily change as the “what” element in the science discipline changes.
Concurrently it is shielded from changes in implementation technology which
typically changes at more rapid pace.
To further manage complexities during the developmental and evolutionary phases
of the PDS4 Information Model, the multi-level governance scheme is instituted at
the common, discipline and mission levels. The common model is governed under
a formal change control process where a change control board (CCB) decides
whether to approve each change request based on the change’s potential impact on
the overall PDS enterprise. At the discipline and mission levels similar governance
but with contextually limited scope are instituted.
To promote stability an early PDS design policy was to limit the number of data
structures for describing the digital objects in the repository. [17] These PDS4
fundamental data structures are the homogeneous n-dimensional array, fixed width
binary and character tables, and the delimited table. It is expected these structures
are sufficient for the majority of the digital objects in the repository.
For implementation, the contents of the PDS4 Information Model are extracted and
translated to XML Schema [18, 19] and Schematron files [20] as illustrated in
Figure 2. The XML Schema files are used to create XML [21] documents. Data
providers subsequently populate the documents and validate the results using the
XML Schema and Schematron files. The XML files are used to label the digital
objects in the repository.
Version 1.0 of the PDS4 Information Model was released in 2012. A six month
build cycle was established to provide a predictable and stable development

schedule as the model continued to mature and discipline development began in
earnest.

4.0 Discipline Level Models
To remain relevant in an ever changing science discipline; and in support of
interoperability, the design process expected discipline extension to happen
immediately, and the same development principles and tools are applied to the
discipline-level and mission-level development as to the common part of the
model. Having overarching discipline dictionaries to address themes like geometric
metadata or display orientation metadata is a key way for PDS to ensure
interoperability of tools on its own holdings. Several discipline level models have
been or are currently under development:

4.1 Display model
The PDS4 display dictionary is a cross-discipline dictionary that is designed for
use with image data that apply to many planetary science disciplines. The role of
the PDS4 display dictionary is to provide a common method to map two spatial
dimensions of an image array to the vertical and horizontal directions of a display
device. The dictionary also contains attributes to specify which axis of a 3D image
array should be used to as color bands such that a set of planes within that axis can
be mapped to blue, green, and red channels of a color display.

4.2 Geometry model
The PDS4 geometry discipline model was developed to capture observational
geometry metadata for planetary data. The geometry model provides a set of
parameters that describe the conditions with which raw observational data are
acquired and are thus important ancillary information for planetary data sets
archived by the PDS. Accurate and well-defined geometry metadata is essential for
processing the raw observational data into calibrated and derived data products,
e.g., calibrated and map projected products. Geometry information captured in the
PDS4 discipline model includes, for example, attributes for lighting and viewing
angles, for position and velocity vectors of a spacecraft relative to the Sun and

relative to the observing body at the time of an observation, and for the location
and orientation of an observation projected onto the surface of a target body.
The content of the PDS4 geometry model has been developed from requirements
gathered from domain experts in the planetary science community including
researchers and data producers. The PDS4 geometry model provides consistency in
geometry metadata incorporated in PDS4 data products across the wide range of
planetary science disciplines and data collected by instruments observing many
types of solar system bodies such as planets, ring systems, moons, comets, and
asteroids. It also standardizes the definitions for the geometry attributes across
PDS4 archives. Where there is overlap in concepts and terminology, the geometry
model is consistent with usage in the PDS4 cartography model.

4.3 Cartography model
Generation and use of cartographic products are essential in support of scientific
exploration and research. The PDS Cartography and Imaging Sciences node has
lead a coordinated effort toward development of a discipline level Cartographic
model in compliance with the primary PDS4 Information Model. The initial
cartographic implementation utilized an existing terrestrial Federal Geographic
Data Committee (FGDC) geospatial standard [22]. For PDS4, the FGDC standard
has been extended and adapted in satisfying planetary requirements. For example,
extension of existing and creation of new attributes and elements are required in
order to describe tri-axial (implemented) and irregular shaped bodies (in progress,
in coordination with geometry efforts), define map projection coordinate offset and
origin parameters, and specify other unique parameters specific to planetary
mapping needs. Implementation of these standards enables the scientific
community the means of describing cartographic products used within planetary
mapping and research, and satisfies short and long term usability and preservation
requirements. Current and future utilization of the cartographic model across
Mission and PDS archive activities will likely reveal additional requirements, and
by design, influence intentional evolution of the model.

4.4 Planetary Plasma Interactions models
The PDS/PPI node has developed a number of separate discipline models in order
to enhance the information that PDS metadata are able to provide for CDF-

formatted data files, which are the primary archival format for many of the
MAVEN instruments. The data in a CDF file is stored in the form of single- or
multi-dimensional arrays. While it is possible to describe these structures using the
PDS core dictionary, there were no means of describing the logical relationships
which exist between the various data arrays. In order to provide this information
the PPI node created the following discipline level discipline models:
•Particle discipline model – This dictionary defines a series of the three
classes which describe the relationship between the data array, and other
supplemental arrays within a CDF file. Axis_Values identifies a 1-D array
containing data associated with a single axis of the data array. Face_Values
identifies a multi-dimensional array containing data associated with a “face”
(i.e. multiple axes) of the data array. Aligned_Values identifies an array with
the same dimensionality and axes as the data array which contains data
which are supplemental to the data array values (e.g. uncertainties, etc.).
•Alt discipline model – This dictionary defines the Alternate_Values class
which identifies arrays with the dimensionality that are equivalent in
function and may be used interchangeably. An example would be multiple
time columns in a single data file.
CDF allows for scalar values to be stored as data in form of a 1-D array with a
single value. These values are captured in the PDS metadata using the
“Parameters” class, which is defined in the MAVEN Mission discipline models.

4.5 Ring-Moon Systems models
The PDS4 rings discipline model was developed to capture ring specific
supplemental metadata, and observational geometric metadata additional to that
provided by the geometry discipline model. Fully describing ring observations is
complicated. Each ring is composed of individual particles whose orbital velocities
vary based on their radial separation from the central body. A ring may be inclined
with respect to the equator plane of the central body and/or with respect to the
other rings within the system. The local surface density, optical depth, and light
scattering properties within a ring vary due to interactions at specific radial
locations with satellites in the system, and ephemeral sub-kilometer structures
(wakes) within the rings which are the result of gravitational interactions between
ring particles.

The rings local dictionary currently contains more than 70 attributes, subsets of
which support general ring system observations and observations of occultations of
various sources by ring systems. There are three types of ring occultation
observations, stellar – when the ring system passes between a star and the
observer; solar – when the ring system passes between the sun and the observer;
radio – when a spacecraft broadcasts a narrow radio signal through the rings to a
receiver on the Earth. All three are supported by classes which can describe an
occultation observation as a time series (how the data is typically captured), or as a
derived radial profile of the ring or ring system.
A representative subset of the additional geometric parameters in the rings local
dictionary includes a parameter which defines an inertial ring longitude that
incorporates the inclination of the ring, a parameter which identifies the extent to
which the rings are opened to the observer (from fully open on the illuminated
side, through edge on, to fully open on the unilluminated side), a parameter which
enables determining the orientation of the observation with respect to the
orientation of the self-gravity wakes within the ring, and a parameter which
enables determining the location of the observed portion of the ring with respect to
the shadow of the parent body projected on the ring.
Since many of the occultation parameters defined in this model also are applicable
to atmospheric occultations, a future iteration of the rings local dictionary will
include a class or classes supporting atmospheric occultations.

5.0 The PDS4 Application
The PDS4 service structure and its Application Program Interfaces (APIs) are
designed to support interactions between disparate systems and make the
interactions appear seamless from the end user’s perspective, as mentioned above.
The PDS4 software is comprised of two main services that support this concept,
the Registry Service which is based on the ebXML federated registry model [14]
and the Search Service which is based on the Apache Solr [29] open source
software. The architecture, depicted in Figure 3, shows metadata harvested from
multiple sources into the Registry Service and then indexed and posted to the
Search Service.

Figure 3 - PDS4 Service Architecture

The Search Service offers a Representational State Transfer (REST)-based
interface supporting two protocols for product discovery. The first is a PDS
homegrown protocol focusing on common search terms found in the PDS4
Information Model. The second protocol is the International Planetary Data
Alliance’s Planetary Data Access Protocol (PDAP) [30]. The previously mentioned
EPN-TAP protocol is also under consideration for support by the Search Service.
Version 1.0 of the PDS4 Information Model was released in 2012 [23] and has
been successfully used by three planetary science missions to archive their data,
Lunar Atmosphere and Dust Environment Explorer (LADEE), Mars Atmosphere
and Volatile EvolutioN (MAVEN), and Balloon Observation Platform for
Planetary Science (BOPPS). It has also been recommended as the planetary
science data standard by the International Planetary Data Alliance (IPDA).
The PDS Planetary Plasma Interactions (PPI) science discipline node, concurrently
a member of the Heliophysics community, has had and continues to have an
integral role in the development of the PDS4 Information Model. The PPI node has
developed Heliophysics specific models and definitions for digital objects from the
MAVEN mission.

6.0 Conclusion

Over the last decade or more there have been many attempts to enable
interoperability between digital repositories in the Space Sciences. These attempts
have typically focused on interoperability at the application layer to meet their
goals, relying on system software, services, and protocols. However many have
understood that a semantic level, or shared knowledge in the form of vocabularies,
models, and/or ontologies, was essential to meet interoperability goals. The
evidence is that in each attempt, the level of success was directly related to the
level of effort applied developing knowledge about the targeted repositories, that
could be shared. [25].
The PDS4 Information Model provides necessary and sufficient shared knowledge
about digital objects in the PDS repository to drive and manage the PDS4
Information System. The PDS4 Information Model is implementation independent
and remains relevant within the disparate set of evolving science disciplines
through a multi-level governance scheme that provides a stable common level
coupled with model development as needed at each and all levels.
In 2002, the National Virtual Observatory Science Definition Team said, “It is
probably safe to say that no other professional community has reached the level of
data interchange standards (both syntax and semantics) that we have reached in
astronomy.” [25] The PDS4 Information Model has enabled a new level of
semantic interoperability across the diverse science disciplines of the Planetary
Science community, including a Heliophysics sub-discipline. This shared
knowledge can now be leveraged using software, services, and protocols to
application level interoperability across the Planetary and Heliophysics science
communities.
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