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Program
Monday, June 12, 2017
THIRD PLANETARY DATA WORKSHOP: DAY 1
8:30 a.m. Humphreys Room
Day 1 of the Third Planetary Data Workshop focuses on new planetary products, tools,
data and services, with emphasis on mission results and SPICE.
Chairs:

Ray Arvidson
Christopher Edwards

8:30 a.m.

Gaddis L. *
Welcome, Logistics, Opening Remarks

8:45 a.m.

Williams D. *
Geologic Mapping Overview

9:00 a.m.

Beyer R. *
The NASA Context for a Planetary Spatial Data Infrastructure

9:15 a.m.

Bland M. T. * Fergason R. L. Galuszka D. Mayer D. P. Beyer R. A. Kirk R. L. Phillips C. B.
Schenk P. M.
Assessing the Variability and Relative Accuracy of Digital Terrain Models of Europa [#7094]
How well can we know Europa's relative topography from existing data sets?

9:30 a.m.

Brown H. M. * Awumah A. A. Henriksen M. R. Manheim M. R. Cisneros E. Wagner R. V.
Robinson M. S.
Ames Stereo Pipeline and LROC ASU Digital Terrain Model (DTM) Comparison [#7096]
Comparison between NASA Ames Stereo Pipeline (ASP) and ASU LROC teams digital terrain model
(DTM) products made from the same NAC stereo pairs. Using absolute, relative, and qualitative
measurements, we provide recommendations for DTM product use.

9:45 a.m.

Manheim M. R. * Henriksen M. R. Robinson M. S. Messenger Team
High-Resolution Local-Area Digital Elevation Models and Derived Products for Mercury from
MESSENGER Images [#7001]
New regional DEMs were created at ASU from MESSENGER MDIS NAC images tied to MLA
profiles with pixel scales from 84m to 500m.

10:00 a.m.

Becker K. J. * Berry K. L. Mapel J. A. Walldren J. C.
A New Approach to Create Image Control Networks in ISIS [#7133]
A new approach was used to create a feature-based control point network that required the
development of new tools in the Integrated Software for Imagers and Spectrometers (ISIS3) system to
process very large datasets.

10:15 a.m.

BREAK

10:30 a.m.

Speyerer E. J. * Wagner R. V. Robinson M. S.
Geometric Calibration of the Clementine UVVIS Camera [#7072]
We are using images acquired by the LROC Wide Angle Camera to update the Clementine UVVIS
internal and external orientation parameters to enable precise and accurate map products that align with
the latest geodetic reference frame.

10:45 a.m.

Boyd A. K. * Robinson M. S.
LROC NAC Photometry: A Global Photometric Function [#7076]
A global photometric function is derived for the lunar highlands allowing photometric normalization of
NAC images across a broad range of illumination conditions, enabling seamless mosaic creation and
bolstering geologic mapping and science analysis.

11:00 a.m.

Turner F. S. * Espiritu R. C. Patterson G. W. Stickle A. M. Cahill J. T. S.
Mini-RF Image Processing and Data Product Generation [#7062]
Mini-RF on LRO currently operates in concert with the Arecibo Observatory and the Goldstone DSS13 34 meter antenna to collect S- and X-band bistatic radar data of the lunar nearside. We describe the
processing and archiving of those data.

11:15 a.m.

Williams J.-P. * Paige D. A. Sullivan M. T. Greenhagen B. T.
Bandfield J. L. Sefton-Nash E.
LRO Diviner Lunar Radiometer Global Data Products [#7095]
Diviner has acquired visible reflectance and IR radiance measurements of the lunar surface nearly
continuously since 2009. Gridded data products have been developed to make the voluminous data set
more accessible to the community.

11:30 a.m.

Seelos F. P. * Romeo G. Hash C. D. Murchie S. L. Garhart E. C.
CRISM Multispectral and Hyperspectral Mapping Data — Observing Modes, Accumulated Coverage,
Data Products, and Tile Mosaics [#7113]
Over the course of the MRO mission, CRISM has acquired over 283,000 mapping observation
segments. The mapping observing modes, coverage status, data products and processing, and regional
(CRISM map tile) mosaic products will be presented.

11:45 a.m.

Morgan M. F. * Seelos F. P. Murchie S. L.
The CRISM Analysis Toolkit (CAT): Overview and Recent Updates [#7121]
The CRISM Analysis Toolkit (CAT) is an IDL/ENVI-based software system for analyzing and
displaying data from the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM). We will
describe CAT’s capabilities and discuss recent updates.

12:00 p.m.

LUNCH

1:30 p.m.

Karides A. P. * Humm D. C. Seelos F. P.
Creating True-Color Images of Mars from Spectrometer Data [#7032]
True-color images of the planet Mars are generated from spectral radiance data taken by the Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM) on the Mars Reconnaissance Orbiter (MRO).

1:45 p.m.

Rodriguez K. * Laura J. Fergason R. Bogle R.
Improved Data Analysis Tools for the Thermal Emission Spectrometer [#7107]
We plan to stand up three different database systems for testing of a new datastore for MGS TES data
allowing for more accessible tools supporting high throughput data analysis on the high-dimensionality
hyperspectral data set.

2:00 p.m.

Roatsch T. * Kersten E. Matz K.-D. Jaumann R. Joy S. Raymond C. A. Russell C. T.
Dawn Framing Camera Ceres Atlases [#7004]
The Dawn mission mapped the surface of Ceres over a period of 15 months. Imaging data from the
Dawn Framing Camera were collected in three primary mapping phases: Survey, High Altitude
Mapping Orbit, and Low Altitude Mapping Orbit.

2:15 p.m.

Le Corre L. * Becker K. J. Reddy V. Li J.-Y. Furfaro R. Tatsumi E. Gaskell R.
Processing of AMICA and NIRS Observations of Asteroid Itokawa from the Hayabusa Mission [#7033]
We processed AMICA images and NIRS spectra of asteroid Itokawa that are archived in the PDS SBN
to produce radiometrically calibrated and photometrically corrected mosaics for analysis of the
reflectance of Itokawa’s surface.

2:30 p.m.

Archinal B. A. * IAU WG on Cart. Coord. & Rot. Elements
An Update on the IAU Working Group on Cartographic Coordinates and Rotational Elements and Its
Upcoming Report [#7122]
Update on the IAU Working Group on Cartographic Coordinates and Rotational Elements, the services
it provides to the planetary community, and the projected changes for and status of its next ("2015")
triennial report.

3:00 p.m.

BREAK

3:15 p.m.

Liukis M. *
What’s New in SPICE [#7007]
We discuss new features of the latest version of the SPICE Toolkit (N66) and current software
development within the NAIF group.

3:30 p.m.

Besse S. * Vallat C. Geiger B. Grieger B. Costa M. Barbarisi I.
From SPICE to Map-Projection, the Planetary Science Archive Approach to Enhance Visibility and
Usability of ESA’s Space Science Data [#7046]
The Planetary Science Archive (PSA) is the European Space Agency’s (ESA) repository of science
data from all planetary science and exploration missions. The PSA provides access to scientific
datasets through various interfaces at http://psa.esa.int.

3:45 p.m.

Costa M. * Witasse O. Sanchez-Cano B.
Building a Unique Scenario to Support Cross-Mission Science with SPICE: The Siding-Spring Comet
Encounter with Mars [#7021]
On October 2014, Mars experienced a close encounter with Comet Siding Spring. This contribution
outlines a SPICE scenario built to assist studies combining MEX, MAVEN, Mars Odyssey, MSL, and
Siding-Spring data focused on a Cosmographia 3D scenario.

4:00 p.m.

French R. S. * Showalter M. R. Gordon M. K.
Precision Pointing Reconstruction and Geometric Metadata Generation for Cassini Images [#7036]
We are reconstructing accurate pointing for ~400,000 images taken by Cassini at Saturn. The results
will be provided to the public along with per-pixel metadata describing precise image contents such as
geographical location and viewing geometry.

4:15 p.m.

Annex A. *
SpiceyPy, a Python Wrapper for SPICE [#7081]
SpiceyPy is an open source Python wrapper for the NAIF SPICE toolkit. It is available for macOS,
Linux, and Windows platforms and for Python versions 2.7.x and 3.x as well as Anaconda. SpiceyPy
can be installed by running: "pip install spiceypy. "

4:30 p.m.

Estes N. M. * Bowley K. S. Silva V. H.
Ruby SPICE Wrapper [#7022]
The LROC SOC team developed a wrapper for NAIF's SPICE toolkit to support the Ruby
programming language.

4:45 p.m.

Davis L. M. * Silva V. H. Estes N. M. Boyd A. K. Bowley K. S.
Will it Blend? Getting SPICE-y with DTMs and Planetary Visualization [#7073]
The LROC SOC team developed a method to import regional and global DTMs into the open-source
animation and modeling program, Blender. We also developed a tool to associate SPICE information
with Blender models.

Monday, June 12, 2017
THIRD PLANETARY DATA WORKSHOP DEMONSTRATIONS: DAY 1
CRISM
3:15 p.m. Agassiz Room
Software and tool demonstrations for the Third Planetary Data Workshop, Day 1.
Presentations on the MRO CRISM data and tools will be featured.
Chair:

Trent Hare

3:15 p.m.

Arvidson R. Seelos F. *
2017 CRISM Workshop (2 hours)

Monday, June 12, 2017
POSTERS FOR THE THIRD PLANETARY DATA WORKSHOP
5:30–7:30 p.m. Pre-Function Hall
McMichael S. Alexandrov O. Beyer R.
Enhanced 3D Surface Generation in the Ames Stereo Pipeline [#7090]
The Ames Stereo Pipeline has recently undergone significant improvements including the addition of new stereo
algorithms (SGM and MGM), structure from motion capabilities (SfM), and a shape from shading (SfS) tool.
Nelson D. M. Williams D. A.
GIS Facility and Services at the Ronald Greeley Center for Planetary Studies [#7067]
At the RGCPS, we established a Geographic Information Systems (GIS) computer laboratory, where we instruct
researchers how to use GIS and image processing software. Seminars demonstrate viewing, integrating, and digitally
mapping planetary data.
Westermann M. M.
Manual Surface Feature Classification and Error Analysis for NASA's OSIRIS-Rex Asteroid Sample Return Mission
Using QGIS [#7047]
Error mitigation for manual detection and classification of hazardous surface features for NASA's OSIRIS-REx
asteroid sample return mission can be accomplished through the use of open-source GIS and standard land-cover
change analysis methods.
Bachman N. J.
The SPICE Digital Shape Kernel (DSK) Subsystem [#7015]
The DSK subsystem is the component of SPICE concerned with detailed shape models. The DSK subsystem
enables SPICE-based applications to conveniently and efficiently use detailed shape data in geometry computations
performed by SPICE routines.
Wagner R. V. Speyerer E. J. Robinson M. S.
Exploring the Moon with Automated Feature Detection [#7074]
We demonstrate two algorithms for automatic detection of small-scale features in the very large LROC NAC dataset.
Bailen M. Sucharski R. Hare T. Akins S. Gaddis L.
Using the PDS Planetary Image Locator Tool (PILOT) to Investigate Small Bodies [#7014]
Functionality was recently added to the Planetary Image Locator Tool (PILOT) to access PDS image data catalogs
for Dawn Framing Camera images and metadata for the asteroids Vesta and Ceres.
Cahill J. T. S. Becker K. Espiritu R. Isbell C. Seelos F.
Galileo NIMS: New ISIS3 Tools for Modernized Data Set Handling and PDS4 Re-Archival [#7071]
Galileo NIMS data is in the process of being re-archived in PDS4 format and is now supported with ISIS3
applications and the ISIS Support issue tracking system.
Lopez S. Paillou Ph.
Saharasar: An Interactive SAR Image Database for Desert Mapping [#7016]
We present a dedicated tool for accessing radar images acquired by the ALOS/PALSAR mission over Sahara and
Arabia. We developed a dedicated web site, using the Mapserver web mapping server and the Cesium
javascript library.
Grimes K. II Padams J. Hollins G.
Web Resource Platform [#7131]
The Web Resource Platform (WRP) is a suite of tools that enables data and application sharing across
disparate domains.

Semenov B. V. Acton C. H. Bachman N. J. Ferguson E. W. Rose M. E. Wright E. D.
WebGeocalc and Cosmographia: Modern Tools to Access SPICE Archives [#7018]
The WebGeocalc (WGC) web client-server tool and the SPICE-enhanced Cosmographia visualization program are
two new ways for accessing space mission geometry data provided in the PDS SPICE kernel archives and by
mission operational SPICE kernel sets.
Hardman S. Hughes J. S. Joyner R. Crichton D. Law E.
Deployment of the Planetary Data Tool Registry [#7044]
The PDS Tool Registry enables search and discovery of tools, services, and APIs for working with data following
the PDS standards. Tools and services have been submitted from the broad PDS community and
multiple institutions.
Raugh A. C. PDS Team
The Planetary Data System (PDS): Ask Me Anything [#7051]
This poster presents a blank wall for attendees to post questions or comments about PDS, its activities, archives, and
standards. Questions will be collected at least twice a day and answers posted or otherwise provided at/on the
poster site.
Keely L. E. Edwards L. J. Malin M. C.
Desktop Exploration of Remote Terrain (DERT) [#7005]
Software tool that utilizes a virtual world to visualize, navigate, and examine NASA digital terrain models.
Wright E. D.
The SPICE Geometry Finding Subsystem [#7012]
The NAIF SPICE System now includes a geometry finding subsystem to calculate the time or times corresponding
to specified geometric events.
Gordon M. K. Guinness E. A. Neakrase L. D. V. Padams J. Raugh A. C.
PDS4 Training: Key Concepts and Vocabulary [#7089]
Those planning to attend the PDS4 training session are strongly encouraged to review this poster prior to the training
session. This poster briefly describes new vocabulary and a number of key concepts introduced with PDS4.
Kingston C. Palmer E. Stone J. Neese C. Mueller B.
Demonstration of New OLAF Capabilities and Technologies [#7110]
Upgrades to the On-Line Archiving Facility (OLAF) PDS tool are leading to improved usability and additional
functionality by integration of JavaScript web app frameworks. Also included is the capability to upload tabular data
as CSV files.
Tan X. Liu J. J. Zeng X. G. Zuo W. Li C. L.
The CE5 Scientific Data Products Using PDS4 [#7003]
This paper summarizes the format and content of the CE5 data products and associated metadata.
Le Corre L. Becker K. J. Gaskell R. Li J.-Y. Reddy V. Blewett D. T. Lucey P.
Controlled Color Mosaics of Vesta with Dawn Framing Camera Images [#7037]
Registration of Dawn Framing Camera color images from High Altitude Mapping Orbit phases to an updated shape
model of Vesta allows the creation of controlled mosaics for photometric modeling and study of space weathering of
the surface.
Henriksen M. R. Manheim M. R. Robinson M. S.
LROC NAC Topography: A Powerful Tool for Lunar Exploration [#7019]
LROC NAC digital terrain models and stereo observations are useful products for scientific studies. These products
can be found through several resources located on the LROC web portal, including new shapefiles for stereo and
DTM footprints.

DeWolfe A. Harter B. Brain D. Chaffin M.
MAVEN Data Analysis and Visualization Toolkits [#7079]
The MAVEN Science Data Center team has developed several toolkits for data visualization and analysis, written in
both IDL and python.
Selznick S. H.
An Architecture for Real-Time Processing of OSIRIS-REx Engineering and Science Data, from Raw Telemetry
to PDS [#7099]
Herein we describe an architecture developed for processing engineering and science data for the OSIRIS-REx
mission. The architecture is soup-to-nuts, starting with raw telemetry and ending with submission to PDS.
Aye K.-M.
Repeating Patterns in the Day-to-Day Work with Planetary Mission Data [#7125]
I will discuss repeating patterns in supporting software for the real-time exploring of planetary mission data.
DellaGiustina D. N. Bennett C. A. Golish D. R. Habib N.
Generating Photomosaics of Small Bodies in Preparation for the OSIRIS-REx Encounter with
Asteroid Bennu [#7070]
The work presents an improved image basemap of asteroid 433 Eros using recently developed tools for processing
of small body images.
Yamamoto Y. Ishihara Y.
Publication of SELENE Data Compliant with PDS3 [#7052]
The SELENE datasets are converted to comply with PDS version 3 standards. In this presentation, we introduce the
motivation and changes from the previous version.
Jeong M. Choi Y.-J. Kim S. S. Kang K.-I. Shkuratov Y. G. Kaydash V. G. Videen G.
Sim C. K. Kim I.-H.
Preliminary Design of Wide-Angle Polarimetric Camera for the First Korean Lunar Mission [#7035]
We plan to perform polarimetric observations on a lunar orbit. We will introduce our Wide-Angle Polarimetric
Camera (PolCam) which is one of the payloads for the Korean Pathfinder Lunar Orbitor (KPLO).
Tinio A. W. Hollins G. A.
Common Workflow Service: Standards Based Solution for Managing Operational Processes [#7009]
The Common Workflow Service is a collaborative and standards-based solution for managing mission operations
processes using techniques from the Business Process Management (BPM) discipline. This presentation describes
the CWS and its benefits.
DeWolfe A. Harter B. Brain D.
Data Visualization Tools for the MAVEN Mission [#7066]
We present a set of data visualization tools developed for use by the MAVEN mission, including interactive line
plots of MAVEN science data and a 3D visualization of Mars, MAVEN's orbit, science data, and
atmospheric models.
He L. Arvidson R. E. O'Sullivan J. A. Politte D. V.
Maximum Log-Likelihood Method with Weighting Penalty for CRISM Hyperspectral Images [#7078]
We develop the Maximum Log-likelihood Method with weighting penalties to denoise and reconstruct the CRISM
data. Spatial and spectral weights determined by sampling degrees and noise levels are introduced to remove spatial
and spectral artifacts.
Gosmeyer C. M. Brasseur C. Fleming S. Mutchler M.
Searching Hubble Space Telescope Archives for Solar System Observations and Planned Improvements for James
Webb Space Telescope [#7043]
We present tips and tools for searching Hubble Space Telescope archives for solar system observations.
Additionally, we provide an overview of planned archive improvements for James Webb Space Telescope.

Garcia P. A. Isbell C. E.
A Planetary Data System Archive of Lunar Mapping and Modeling Program Products [#7084]
We describe a PDART project to preserve selected LMMP data products, and associated ancillary data and
documentation, within a PDS archive.
Barlow N. G.
Status Report on Crater Databases for Mercury, the Moon, Mars, and Ganymede [#7027]
Global databases of craters 5-km-diameter and larger are being compiled for Mercury, the Moon, Mars, and
Ganymede. The status of each database will be discussed.
Saiz J. Macfarlane A. Docasal R. Rios C. Barbarisi I. Vallejo F. Besse S. Vallat C. Arviset C.
Common Data Model to Handle PDS3 and PDS4 Data [#7045]
European Space Agency's (ESA) planetary missions following either the PDS3 or the PDS4 standards preserve their
data in the Planetary Science Archive (PSA). A common data model has been developed to provide transparency to
all PSA services.
Naß A. Dawn Mapping Team
GIS-Based Data Structure for Geological Mapping of Ceres — One Global Map Composed of 15
Map Sheets [#7041]
Deriving valid statements out of interpretative geological mapping is very time intensive. Another challenge is
generating one map composed of several map sheets which presents a geologically-consistent and geometrical/visual
comparable content.
Gaither T. Hayward R. K. Blue J. Gaddis L. Schulz R. Aksnes K. Burba G. Consolmagno G.
Lopes R. M. C. Masson P. Sheehan W. Smith B. A. Williams G. Wood C.
Planetary Nomenclature: An Overview and Update [#7119]
This contribution is an update for the planetary science community on the status of planetary nomenclature, its
purpose and rules, the process for submitting name requests, and the IAU approval process.
Gaddis L. R. Laura J. Anderson R. B. Hare T. Klima R. Morgan F. Viviano-Beck C. Finch N.
Introduction to PySAT: A Spectral Analysis Tool for Planetary Science [#7060]
We introduce the PySAT software library and GUI for working with hyperspectral orbital data from Moon
Mineralogy Mapper and Compact Reconnaissance Imaging Spectrometer for Mars data.
Todd N. S. Zeigler R. A.
Astromaterials Curation Digital Repository: Data Availability and New Features [#7077]
The Astromaterials Curation office maintains a public digital repository containing sample data and other digital
resources. The purpose of this data repository, its features, available data products, and recent enhancements will
be discussed.
Prats B. D. Malespin C. A. Mahaffy P. R. Brinckerhoff W. B. Johnson M. S. Lyness E. I. Dobson N.
Improved Engineering Diagnostics for Space Explorations [#7068]
Present technology used at GSFC provides comprehensive trending allowing instrument and subsystem health
measurements during daily operations of Sample Analysis at Mars, SAM on-board Curiosity, and Mars Organic
Molecular Analyzer, MOMA on ExoMars 2020.
Costa M.
SPICE for ESA Planetary Missions [#7020]
SPICE is an information system that provides the geometry needed to plan scientific observations and to analyze the
obtained. The ESA SPICE Service generates the SPICE Kernel datasets for missions in all the active ESA Missions.

Raugh A. C. Hughes J. S.
Getting a Handle on PDS4 Labels [#7049]
This talk will walk through the overall structure and organization that applies to all PDS4 labels. The goal is to
provide background and context for both end-users and data developers working with data in the new PDS4
standard layout.
Hare T. M. Laura J. R. Humpreys I. R. Wilson T. J. Hahn M. A. Shepherd M. R. Sides S. C.
A Sandbox Environment for the Community Sensor Model Standard [#7130]
Here we present ongoing work Astrogeology is undertaking to provide a programming sandbox environment for the
Community Sensor Model standard. We define a sandbox as a testing environment that allows programmers
to experiment.

Tuesday, June 13, 2017
THIRD PLANETARY DATA WORKSHOP: DAY 2
8:30 a.m. Humphreys Room
Day 2 of the Third Planetary Data Workshop focuses on new planetary products, tools,
data and services, with emphasis on PDS and other data services.
Chairs:

Samuel Lawrence
Dan Crichton

8:30 a.m.

Gaddis L. *
Announcements

8:35 a.m.

Crichton D. *
PDS4 Overview and Status

8:55 a.m.

Hughes J. S. *
PDS4 Information Model

9:15 a.m.

Raugh A. C. * Hughes J. S.
PDS4: Realizing the Benefits [#7050]
The presentation will highlight some of the benefits that both end-users and data providers will find in
using the new PDS4 labeling standards.

9:30 a.m.

Joy S. P. * Walker R. J. King T. A. Mafi J. N.
Strategy for Writing a Good Data Management Plan for a ROSES Proposal [#7093]
For years the ROSES calls have made it clear that all funded activities must archive any data products
that are generated with the PDS or an equivalent archive. In this paper we outline a strategy for
generating a well written data management plan.

9:45 a.m.

Crombie M. K. *
A Systems Engineering Approach to Planetary Data Archive Development [#7103]
This abstract outlines a systems engineering approach to archive-lifecycle development from proposal
though archive delivery.

10:00 a.m.

BREAK

10:15 a.m.

Wang J. Scholes D. Zhou F. Slavney S. Guinness E. A. Arvidson R. E. *
Accessing Planetary Data Using PDS Geosciences Node’s Orbital Data Explorer [#7026]
An overview of NASA’s Planetary Data System's Geosciences Node’s Orbital Data Explorer, which
provides web-based functions to search, display, and download orbital data from multiple missions and
instruments in the rapidly expanding planetary data archives.

10:30 a.m.

Gordon M. K. * Showalter M. R. Ballard L. Tiscareno M. French R. S. Olson D.
OPUS: A Comprehensive Search Tool for Remote Sensing Observations of the Outer Planets. Now
with Enhanced Geometric Metadata for Cassini and New Horizons Optical Remote
Sensing Instruments. [#7088]
The PDS RMS Node hosts OPUS – an accurate, comprehensive search tool for spacecraft remote
sensing observations. OPUS supports Cassini: CIRS, ISS, UVIS, VIMS; New Horizons: LORRI,
MVIC; Galileo SSI; Voyager ISS; and Hubble: ACS, STIS, WFC3, WFPC2.

10:45 a.m.

Stein T. C. * Arvidson R. E. Zhou F.
PDS Analyst's Notebook for MSL and MER [#7013]
The PDS Analyst’s Notebook (http://an.rsl.wustl.edu) for MSL and MER provides access to science
information from several of NASA’s landed missions. Peer-reviewed data, documentation, and support
files, updated coincident with PDS data releases.

11:00 a.m.

Padams J. * Grimes K. Hollins G. Lavoie S. Stanboli A.
NASA PDS IMG: Accessing Your Planetary Image Data [#7114]
PDS IMG continues to develop and improve tools, like the Image Atlas, to support both the wide
variety of available data and the ease of access to that data both interactively, through a web browser,
and programmatically through web services.

11:15 a.m.

Neakrase L. D. V. * Hornung D. Chanover N. Huber L. Beebe R. Johnson J.
Sweebe K. Stevenson Z.
Archiving Derived Data with the PDS Atmospheres Node: The Educational Labeling System for
Atmospheres (ELSA) [#7063]
The PDS Atmospheres Node is developing an online tool, the Educational Labeling System for
Atmospheres (ELSA), to aid in planning and creation of PDS4 bundles and associated labels for
archiving derived data.

11:30 a.m.

Algermissen S. S. * Padams J. H. Radulescu C.
PDS Label Assistant for Interactive Design (PLAID): Simplifying PDS4 Label
Template Building [#7030]
The PDS Label Assistant for Interactive Design (PLAID) tool seeks to simplify and expedite the
process of building a PDS4 label template with a simple step-by-step interface that does not require
experience with XML or PDS4 Schemas and Schematrons.

11:45 a.m.

Zeng X. G. * Zuo W. Liu J. J. Tan X. Li C. L.
Ongoing Work of Science Data Archive and Release in China Lunar Exploration
Program (CLEP) [#7002]
China has successfully lauched three lunar exploration missions which are CE1 in 2007, CE2 in 2010,
and CE3 in 2013. This approach is about to discuss the details of the recent work in the science data
archive and release CE Program.

12:00 p.m.

LUNCH

1:30 p.m.

Deen R. G. * Penteado P. F. Calef F. J. III
Does PDS Need to Support a Medium Term "Archive?" [#7085]
White paper intended to provoke thought and discussion about the need for PDS to preserve active
server assets provided by missions over the medium term after the mission ends.

1:45 p.m.

Million C. * Brazier A. King T. Hayes A.
Status of Software Preservation in Planetary Science [#7059]
We will review the current status of software archiving in planetary science and suggest next steps.

2:00 p.m.

Hughes J. S. * Hardman S. H. Padams J. H. Algermissen S. S.
PDS4 Tool Development: Leveraging the PDS4 Information Model [#7008]
Many tools that access PDS data products will parse PDS4 product labels for information about the
labeled digital object(s). Significant additional information is also available in the PDS4
Information Model.

2:15 p.m.

Nagdimunov L. *
PDS4 Viewer: A Standalone Display Tool for PDS4 Data, Backed by a Python PDS4 ReadIn API [#7065]
We present two tools intended to aid both PDS data users and data providers: A standalone display
tool for PDS4 data, and an API to read PDS4 data into Python.

2:30 p.m.

Verma R. *
Next Generation Parallelization Systems for Processing and Control of PDS Image
Node Assets [#7128]
We present next-generation parallelization tools to help Planetary Data System (PDS) Imaging Node
(IMG) better monitor, process, and control changes to nearly 650 million file assets and over a dozen
machines on which they are referenced or stored.

2:45 p.m.

Stanboli A. Bue B. Wagstaff K. * Altinok A.
Automated Content Detection for Cassini Images [#7048]
NASA missions generate numerous images ever organized in increasingly large archives. Image
archives are currently not searchable by image content. We present an automated content detection
prototype that can enable content search.

3:00 p.m.

BREAK

3:15 p.m.

Wagstaff K. L. * Francis R. Gowda T. Lu Y. Riloff E. Singh K.
Mars Target Encyclopedia: Information Extraction for Planetary Science [#7031]
Mars surface targets / and published compositions / Seek and ye will find. We used text mining
methods to extract information from LPSC abstracts about the composition of Mars surface targets.
Users can search by element, mineral, or target.

3:30 p.m.

Oyen D. A. * Lanza N. L.
Interactive Machine Learning for Discovering Patterns in Spectral Data and Images [#7054]
We balance the strengths of machine learning to perform pattern recognition, while empowering
scientists to explore large sets of data. We demonstrate two such approaches for (1) ChemCam spectral
data, and (2) interactive image analysis.

3:45 p.m.

Laura J. R. * Rodriguez K. Paquette A. C.
Sparse Multi-Image Control: The AutoCNET Library [#7101]
n-image correspondence identification of CTX imagery to develop a relatively controlled (no ground)
mosaic using CPU and GPU computing technologies.

4:00 p.m.

Wagner R. V. * Henriksen M. R. Manheim M. R. Robinson M. S.
PhotoScan for Planetary and Analog Sites [#7023]
We used the Agisoft PhotoScan software to produce accurate 3D terrain models of an Apollo sample
site and an Earth analog of a collapse pit, and show that PhotoScan is an effective tool for
planetary research.

4:15 p.m.

Thompson T. J. * Mahanti P. Robinson M. S.
Extracting Crater Shape Information from Narrow Angle Camera DTMs [#7075]
We combined several software tools to qualitatively classify and extract morphological data from high
resolution topography from LROC NAC DTMs.

4:30 p.m.

Haugaard Z. * Ohn D. Philabaum C. Rodriguez K. Shepard M. Laura J. R. Hare T.
Improved Access to Kaguya Hyperspectral Data [#7102]
Development of a horizontally scalable web stack for Big Data query and exploratory analysis of the
Kaguya Spectral Profiler data set.

4:45 p.m.

Lehnert K. A. * Evans C. Todd N. Zeigler R.
MoonDB: Update on the Restoration and Synthesis of Lunar Geochemical and Petrological
Sample Data [#7136]
Update on the status on the MoonDB project. MoonDB is a data system that restores, publishes, and
synthesizes lunar sample data from published and unpublished sources to make them ‘fit for re-use’ in
modern cyberinfrastructure. A prototype will be demonstrated.

Tuesday, June 13, 2017
THIRD PLANETARY DATA WORKSHOP DEMONSTRATIONS: DAY 2
SOFTWARE DEVELOPER BREAKOUTS AND PDS TOOLS
9:00 a.m. Agassiz Room
Software and tool demonstrations for the Third Planetary Data Workshop, Day 2.
In the morning, the software developers will discuss a variety of topics.
In the afternoon, demos will be given for several PDS tools and
one software package for research with point spectra.
Chair:

Trent Hare

9:00 a.m.

Group *
Software Developers Discussion

9:30 a.m.

Estes N. *
Lunaserv Server Discussion

9:45 a.m.

Kerner H. *
Neural Networks Discussion

10:15 a.m.

Aye K. M. *
Anaconda Discussion

11:30 a.m.

Group *
Planetary Py

12:00 p.m.

LUNCH

1:30 p.m.

Semenov B. *
Cosmographia, WebGeoCalc

2:45 p.m.

Algermissen S. *
PLAID Demonstration

3:30 p.m.

Nagdimunov L. *
PDS4 Viewer and Library

4:15 p.m.

Anderson R. *
PySAT Point Spectral GUI

Wednesday, June 14, 2017
THIRD PLANETARY DATA WORKSHOP: DAY 3
8:30 a.m. Humphreys Room
Day 3 of the Third Planetary Data Workshop focuses on new planetary products, tools,
data and services, with emphasis on GIS topics and demonstrations of a variety of tools.
Chair:

Ross Beyer

8:30 a.m.

Hare T. *
Announcements

8:35 a.m.

Hare T. *
Topics in Planetary GIS

8:55 a.m.

Walter S. H. G. *
Web Map Tile Services for Single Images of Planetary Remote Sensing Data [#7086]
We present a concept to stream single images and their metadata as individual entities via WMS to
enable functionality such as time series analysis of the martian surface.

9:15 a.m.

Marco Figuera R. * Pham Huu B. Halder A. Yin K. Rossi A. P.
PlanetServer: A Hyperspectral Analysis and Visualization Web Client and Python API [#7039]
PlanetServer is a web client and Python API aiming to visualize and analyze hyperspectral imagery
from different planetary bodies using the Web Coverage Processing Service (WCPS) OGC standard.

9:30 a.m.

Dickenshied S. * Anwar S. Noss D. Hagee W. Carter S. Rios K. Wren P. Burris M.
JMARS — Remote Sensing Visualization and Analysis for All Planetary Bodies [#7126]
JMARS is a free GIS application for viewing planetary remote sensing data on Windows, Mac, or
Linux devices. It is used by school kids, graduate students, and NASA mission planners.

10:00 a.m.

BREAK

10:15 a.m.

Manaud N. * Nass A. Lewando M. van Gasselt S. Rossi A. P. Hare T.
Carter J. Hargitai H.
OpenPlanetaryMap: Building the First Open Planetary Mapping and Social Platform for Researchers,
Educators, Storytellers, and the General Public [#7024]
OpenPlanetaryMap is a collaborative effort to build an Open Planetary Mapping and Social platform
for space enthusiasts, planetary scientists, educators, and storytellers.

10:30 a.m.

Anderson R. B. * Finch N. Clegg S. Graff T. Morris R. V. Laura J.
Python Spectral Analysis Tool (PySAT) for Preprocessing, Multivariate Analysis, and Machine
Learning with Point Spectra [#7061]
We present a Python-based library and graphical interface for the analysis of point spectra. The tool is
being developed with a focus on methods used for ChemCam data, but is flexible enough to handle
spectra from other instruments.

10:45 a.m.

Hunter M. A. * Skinner J. A. Hare T. M. Fortezzo C. M.
Planetary Geologic Mapping Python Toolbox: A Suite of Tools to Support
Mapping Workflows [#7091]
The collective focus of the Planetary Geologic Mapping Python Toolbox is to provide researchers with
additional means to migrate legacy GIS data, assess the quality of data and analysis results, and
simplify common mapping tasks.

11:00 a.m.

Riedel C. * Michael G. G. Kneissl T.
Crater Counting on Heavily Cratered Surfaces: Implementing Non-Sparseness Correction in an
ArcGIS Independent Tool for Planetary Surface Dating [#7017]
We develop an ArcGIS independent tool for crater size-frequency measurements which considers the
effects of crater obliteration on planetary surface dating.

11:15 a.m.

Calef F. J. III * Abarca H. E. Soliman T. Abercrombie S. P. Powell M. W.
Multi-Mission Geographic Information System for Science Operations: A Test Case Using
MSL Data [#7111]
The Multi-Mission Geographic Information System (MMGIS) is a NASA AMMOS project in its
second year of development, built to display and query science products in a spatial context. We
present our progress building this tool using MSL in situ data.

11:30 a.m.

Deen R. G. * Maki J. N. Algermissen S. S. Abarca H. E. Ruoff N. A.
Mastcam Stereo Analysis and Mosaics (MSAM) [#7083]
Describes a new PDART task that will generate stereo analysis products (XYZ, slope, etc.), terrain
meshes, and mosaics (stereo, ortho, and Mast/Nav combos) for all MSL Mastcam images and deliver
the results to PDS.

11:45 a.m.

Milazzo M. *
Archiving GIS-Compatible Products in PDS

12:00 p.m.

LUNCH

Wednesday, June 14, 2017
THIRD PLANETARY DATA WORKSHOP: DAY 3
DEMONSTRATIONS AND DISCUSSIONS: VARIOUS TOOLS
1:30 p.m. Humphreys Room
Software and tool demonstrations for the Third Planetary Data workshop, Day 3.
In the afternoon, demos will be provided for several planetary data access, processing, and visualization packages.
Chair:

Jason Laura

1:30 p.m.

Estes N. *
Lunaserv Demo

2:00 p.m.

Becker T. * Becker K.
ISIS3 Introduction

2:30 p.m.

Edmundson K. * Sucharski T.
ISIS3 Integrated Planetary Control Environment (IPCE) Demo

3:00 p.m.

BREAK

3:15 p.m.

Beyer R. * Alexandrov O. McMichael S.
Ames Stereo Pipeline Demo

3:45 p.m.

Laura J. * Milazzo M.
Python Tools (AutoCNET, Camera) Demo

4:15 p.m.

Law E. *
Trek Tools Demo: Mars, Moon, Vesta, etc.

4:45 p.m.

Akins S. *
PDS Imaging POW and MAP2 Tools Demo

Wednesday, June 14, 2017
THIRD PLANETARY DATA WORKSHOP DEMONSTRATIONS: DAY 3
HACK-A-THON AND RESEARCH TOOLS
8:30 a.m. Agassiz Room
Software and tool demonstrations for the Third Planetary Data Workshop, Day 3.
In the morning, the software developers will conduct a "hack-a-thon."
In the afternoon, demos will be given for several research tools and data visualization packages.
Chairs:

Alessandro Frigeri
Trent Hare

8:30 a.m.

Frigeri A. * Hare T.
Hack-a-thon

11:30 a.m.

Frigeri A. *
QGIS Demonstration

12:00 p.m.

LUNCH

1:30 p.m.

Hunter M. * Hare T. * Fortezzo C. *
Demo: ArcMap for Mappers

3:15 p.m.

Dickenshied S. *
Demo: JMARS

4:15 p.m.

Hare T. *
Demo: GDAL: ISIS3 Writer and Py Scripting

Wednesday, June 14, 2017
THIRD PLANETARY DATA WORKSHOP:
PDS4 TRAINING SESSION
9:00 a.m. Fremont Room
Day 3 of the Third Planetary Data Workshop features an all-day training session on PDS4 archiving.
Chair:

Mitchell Gordon

9:00 a.m.

Gordon M. *
Introduction to PDS4 Concepts and Vocabulary

9:45 a.m.

Hardman S. *
Provide help with Virtual Box installation (as needed)

10:00 a.m.

PDS Training Group: Crombie K. * Guinness E. Isbell C. Hughes S. Mafi J. Neakrase L.
Padams J. Radulescu C. Raugh A. Stirling A.
Hands-On 1: Design a Bundle, Identify Collections, Develop LID Algorithms

10:30 a.m.

Raugh A. *
Oxygen Demo, Eclipse Comments

11:15 a.m.

PDS Training Group *
PDS4 Q&A

11:30 a.m.

LUNCH

1:00 p.m.

PDS Training Group *
Hands-On 2: Design a Label for a Character Table (PLAID, Oxygen, Eclipse)

2:15 p.m.

BREAK

2:30 p.m.

PDS Training Group *
Hands-On 3: Design a Basic Product Label for an Image File

3:30 p.m.

Raugh A. *
Demo Validate Tool with a Known Error File

4:00 p.m.

PDS Training Group *
PDS4 Q&A

Thursday, June 15, 2017
THIRD PLANETARY DATA WORKSHOP: DAY 4
MAPSIT TOWN HALL
8:30 a.m. Humphreys Room
Day 4 of the Third Planetary Data Workshop focuses on recent activities by and for the
Mapping and Planetary Spatial Infrastructure Team (MAPSIT) assessment group.
Chairs:

Justin Hagerty
Lisa Gaddis

8:30 a.m.

Hagerty J. *
Announcements

8:35 a.m.

Radebaugh J. *
MAPSIT Overview and Goals

8:55 a.m.

Williams D. *
Geologic Mapping Community Update

9:15 a.m.

Radebaugh J. *
MAPSIT: Other Community Discussions and Input

9:30 a.m.

Hagerty J. *
Planetary Spatial Data Infrastructure: Why We Need It

9:45 a.m.

BREAK

10:00 a.m.

Keszthelyi L. * Hagerty J. Akins S. Archinal B. Bailen M. Bland M. Edmundson K.
Fergason R. Hare T. Hayward R. Hunter M. Laura J. Sides S. Velasco M.
The NASA-USGS Planetary Spatial Data Infrastructure Inter-Agency Agreement [#7097]
This abstract is intended to clarify the role of the NASA-USGS PSDI Inter-Agency Agreement (PSDIIAA) within the much broader context of the concept of planetary spatial data infrastructure.

10:15 a.m.

Archinal, B. *
PSDI Foundational Products

10:30 a.m.

Laura J. R. * Gaddis L. R. Hare T. M. Hagerty J. J.
The Role of Technology in a Planetary Spatial Data Infrastructure [#7129]
Technology plays a critical role in all aspects of Planetary Spatial Data Infrastructure. Here we explore
the dynamic nature of technology as it permeates all components of PSDI.

10:45 a.m.

Gaddis L. R. * Laura J. Hare T. Hagerty J.
The NASA Planetary Data System's Cartography and Imaging Sciences Node and the Planetary
Spatial Data Infrastructure (PSDI) Initiative [#7124]
Here we address the role of the PSDI initiative in the context of work to archive and deliver planetary
data by NASA’s Planetary Data System, and in particular by the PDS Cartography and Imaging
Sciences Discipline Node (aka "Imaging" or IMG).

11:00 a.m.

Thomson, B. *
The Status of the MAPSIT Roadmap

11:15 a.m.

DISCUSSION

Thursday, June 15, 2017
THIRD PLANETARY DATA WORKSHOP: DAY 4
HACK-A-THON (CONTINUED)
8:30 a.m. Agassiz Room
Day 4 of the Third Planetary Data Workshop focuses on a
continuation of the software developers' Hack-a-thon.
Chair:

Trent Hare

8:30 a.m.–12:00 p.m.

Hack-a-thon (continued)

Thursday, June 15, 2017
THIRD PLANETARY DATA WORKSHOP: DAY 4
PDS4 ARCHIVING Q&A
8:30 a.m. Fremont Room
Day 4 of the Third Planetary Data Workshop focuses on a
Q&A session following the PDS4 Training Event.
Chair:

Mitchell Gordon

8:30–11:30 a.m.

PDS4 Q&A

Monday, June 12, 2017
PLANETARY GEOLOGIC MAPPERS ANNUAL MEETING:
MERCURY, VENUS, MARS I
9:00 a.m. Fremont Room
The Annual Meeting of the Planetary Geologic Mappers features presentations and posters
on the results of NASA-funded geologic mapping projects. Day 1 (morning) topics include
general mapping issues and mapping of Mercury, Venus, and Mars.
Chair:

David Williams

9:00 a.m.

Williams D. *
Welcome, Logistics, Opening Remarks

9:15 a.m.

Skinner J. *
Planetary Geologic Mapping Coordinator's Report to the Community

9:30 a.m.

Naß A. * Fortezzo C. M. Skinner J. A. Jr. Hunter M. A. Hare T. M.
Cartographic Symbolization in Geologic and Geomorphologic Maps — Specified Collection and GISBased Implementation for Planetary Science [#7064]
To allow correlation between different map products, the objects are visualized by predefined and
standardized cartographic symbols. Focus is on changing the symbology with respect to time and how
it effects communication within and between the maps.

9:50 a.m.

Buczkowski D. L. * Goosmann E. Denevi B. W. Ernst C. M. Fassett C. I. Byrne P. K.
A Geologic Map of the Caloris Basin, Mercury [#7109]
We present a geologic map of the Caloris basin of Mercury, which serves to synthesize the results of
previous geologic studies into a contextual framework for quickly viewing the thematic research that
has been performed on this interesting region.

10:10 a.m.

BREAK

10:25 a.m.

Mohr K. J. * Williams D. A. Garry W. B. Bleacher J. E.
Geologic Mapping of Ascraeus Mons, Mars [#7029]
Mapping of the geomorphology of lava flows on and surrounding Ascraeus Mons has proven to show
the history and evolution of the large shield volcano.

10:45 a.m.

Crown D. A. * Berman D. C. Platz T. Scheidt S. P. Hauber E. Weitz C. M.
Geologic Mapping of the Summit and Western Flank of Alba Mons, Mars [#7034]
This investigation employs imaging and topographic datasets to produce two 1:1M-scale geologic
maps covering the Alba Mons summit (245–255°E, 32.5–47.5°N) and western flank (230–
245°E, 37.5–47.5°N).

11:05 a.m.

Anderson R. C. Parker T. J. * Schroeder J. F.
Conversion of Seven Completed Maps into ArcGIS for Publication, Part 2 [#7123]
Conversion of East Acidalia maps to ArcGIS is complete. These maps will be submitted for peerreview by this meeting. Have begun conversion of 1:500,000 maps of Argyre Planitia to a 1:1,000,000
scale map for the second year of project.

11:25 a.m.

LUNCH

Monday, June 12, 2017
PLANETARY GEOLOGIC MAPPERS ANNUAL MEETING:
MARS II
1:00 p.m. Fremont Room
The Annual Meeting of the Planetary Geologic Mappers features presentations and posters
on the results of NASA-funded geologic mapping projects.
Day 1 (afternoon) discussion focuses on a continuation of Mars mapping topics.
Chair:

David Williams

1:00 p.m.

Wilson S. A. * Grant J. A. Buczkowski D. L.
Geologic Mapping in Southern Margaritifer Terra on Mars and the Evolution of Nirgal Vallis [#7053]
The Margaritifer Terra region on Mars preserves a long and fascinating record of aqueous activity.
Geologic mapping in four quadrangles helps constrain the timing, source, duration, and relative
importance of aqueous versus other geomorphic processes.

1:20 p.m.

Weitz C. M. * Wilson S. A. Irwin R. P. III Grant J. A.
Geologic Mapping to Constrain the Sources and Timing of Fluvial Activity in Western Ladon
Basin, Mars [#7028]
We are mapping two quadrangles in Margaritifer Terra (–15032 and –20032) to define the evolution of
the western Ladon basin region as it relates to fluvial/alluvial events occurring on surrounding surfaces.

1:40 p.m.

Skinner J. A. Jr. * Fortezzo C. M. Barton M. L.
Results of 1:24,000-Scale Geologic Mapping of Western Hadriacus Cavi, Mars [#7127]
We report results of HiRISE-based 1:24,000 scale geologic mapping of a suite of stratified rocks
located in southwestern Tyrrhena Terra, Mars. We interpret the mapped sequences as primary and
remobilized volcaniclastic sediments.

2:00 p.m.

Okubo C. H. * Gaither T. A.
High-Resolution Geologic Mapping in Eastern Candor Chasma: 2017 Status Report [#7055]
This abstract summarizes current results and planned activities from an ongoing initiative to construct
a series of high-resolution structural and geologic maps in the east Candor Chasma region of Valles
Marineris, Mars.

2:20 p.m.

Berman D. C. * Weitz C. M. Palmero Rodriguez J. A. Crown D. A.
Geologic Map of the Source Region of Shalbatana Vallis, Mars [#7082]
We are currently producing a 1:500,000-scale USGS geologic map of MTM quadrangles 00042 and
00047 in the Xanthe Terra region of Mars.

2:40 p.m.

Huff A. E. * Skinner J. A. Jr.
The 1:1,000,000-Scale Geology of Western Libya Montes and Northwestern Tyrrhena Terra [#7112]
We describe our mapping of the geology of western Libya Montes and northwestern Tyrrhena Terra
and correlate our interpretations with previous mapping efforts at smaller scales (larger areas).

3:00 p.m.

Seelos K. D. * Maxwell R. E. Seelos F. P. Buczkowski D. L.
Viviano-Beck C. E. Weitz C. M.
Characterization of Laterally Contiguous Phyllosilicate Deposits in West Margaritifer
Terra, Mars [#7132]
The widespread occurrence and characteristics associated with surface or near-surface Fe/Mg smectite
deposits suggests a regional emplacement and/or alteration process active in the Noachian, consistent
with other regional layered phyllosilicates.

3:20 p.m.

BREAK

3:40 p.m.

Burr D. M. * Jacobsen R. E. Lefort A. Borden R. M. Boyd A. S. Peel S. E.
Update on Mapping of the Aeolis Dorsa Region, Mars: Discovering Ever More Diversity in This
Inverted Landscape [#7010]
Near the end of our third year of mapping the Aeolis Dorsa region, we have completed mapping of the
inverted fluvial deposits and are continuing mapping of widespread aeolian, localized tectonic, and
possible groundwater and/or lacustrine features.

4:00 p.m.

DISCUSSION

Monday, June 12, 2017
POSTERS FOR THE PLANETARY GEOLOGIC MAPPERS ANNUAL MEETING
5:30–7:30 p.m. Pre-Function Hall
Kinczyk M. J. Byrne P. K. Prockter L. M. Denevi B. W. Ostrach L. R. Skinner J. A. Buczkowski D. L.
Hynek B. M.
Creating a Global Geological Map of Mercury with MESSENGER Datasets [#7116]
Review of mapping efforts to make a USGS global geological map of Mercury with possible subdivision of the
intercrater plains using a newly calibrated enhanced color mosaic.
Ostrach L. R. Mest S. C. Prockter L. M. Petro N. E. Byrne P. K.
Geologic Map of the Borealis Quadrangle (H-1) on Mercury: 2017 Status Report [#7108]
We report on the first year of mapping progress for the Borealis Quadrangle (H-1) map of Mercury.
Hynek B. M. Robbins S. J. Mueller K. Gemperline J. Osterloo M. K. Thomas R.
Unlocking Mercury’s Geological History with Detailed Mapping of Rembrandt Basin: Year 3 [#7098]
Current results of the USGS Rembrandt basin, Mercury, geologic map are presented.
Lang N. P. Rogers K. Covley M. Nypaver C. Baker E. Thomson B. J.
Refining the Mahuea Tholus (V-49) Quadrangle, Venus [#7118]
We present our continued mapping of V-49. Our mapping this past year has emphasized the Diana-Dali as it extends
into the map area as well as characterizing small volcanic edifices.
Mohr K. J. * Williams D. A. Garry W. B. Bleacher J. E.
Geologic Mapping of Ascraeus Mons, Mars [#7029]
Mapping of the geomorphology of lava flows on and surrounding Ascraeus Mons has proven to show the history
and evolution of the large shield volcano.
Borden R. M. Burr D. M.
Mapping and Preliminary Analysis of Wrinkle Ridges in the Aeolis Dorsa Region, Mars [#7056]
We present a map of wrinkle ridges in Aeolis Dorsa, Mars; along with results from preliminary analyses of the
ridges to infer locations, directions, and amounts of shortening.
Mest S. C. Crown D. A. Michalski J. Chuang F. C. Price Blount K. Bleamaster L. F.
Geologic Mapping of Volcanic and Sedimentary Terrains, Northeast Hellas, Mars [#7106]
We are using image, topographic, and spectral data to map the geology along the northeast rim of Hellas basin, Mars.
The region displays mantled highlands, explosive and effusive volcanic materials, eroded sedimentary plains, and
Dao and Niger Valles.
Huff A. E. * Skinner J. A. Jr.
The 1:1,000,000-Scale Geology of Western Libya Montes and Northwestern Tyrrhena Terra [#7112]
We describe our mapping of the geology of western Libya Montes and northwestern Tyrrhena Terra and correlate
our interpretations with previous mapping efforts at smaller scales (larger areas).
Campbell J. D. Sidiropoulos P. Muller J-P.
Compositional Characterisation of the Martian South Polar Residual Cap Using CRISM [#7057]
Using hyperspectral data from the CRISM instrument, we map compositional changes in the Martian South Polar
Residual Cap in order to attempt to detect organic material in exposed dust particles.

Chojnacki M. Hynek B. M. Black S. R. Thomas R. Hoover R. Martin J. R.
Year 3 Geologic Mapping of Eastern Coprates Chasma (MTM -15057), Mars [#7104]
Here we present an update on our 1:500,000-scale geologic map of Coprates Chasma in the eastern Valles Marineris
to eventually be submitted to the USGS for publication.
Fortezzo C. M. * Gullikson A. L. Kumar P. S. Platz T.
Geologic Mapping of Central Valles Marineris, Mars, Year 4 [#7120]
This is a summary of geologic mapping of central Valles Marineris up to year 4.
Mest S. C. * Crown D. A. Yingst R. A. Berman D. C. Williams D. A. Buczkowski D. L. Scully J. E. C.
Platz T. Jaumann R. Roatsch T. Preusker F. Nathues A. Hiesinger H. Pasckert J. H. Raymond C. A.
Russell C. T. Dawn Science Team
The HAMO-Based Global Geologic Map of Ceres [#7105]
We are using image, topographic, and color data derived from Framing Camera images, obtained during the High
Altitude Mapping Orbit phase of the Dawn mission to generate a global geologic map of Ceres. This map is used to
define the cerean timescale.
Golish D. R. * DellaGiustina D. N. Clark B. E. Bennett C. A. Li J. Y.
Zou X. D. Lauretta D. S.
Photometric Modeling of Simulated Surface-Resolved Bennu Images [#7069]
We present the results of testing photometric modeling software that will be used to support basemap generation of
asteroid 101955 Bennu for the OSIRIS-REx asteroid sample return mission.
Williams D. A. NASA Dawn Team
Update on the Geological Mapping of Dwarf Planet Ceres from NASA's Dawn Mission [#7006]
This presentation is an update on the geological mapping campaign for Ceres as part of NASA's Dawn mission.
Yingst R. A. Mest S. C. Williams D. A. Garry W. B. Berman D. C.
Geologic Mapping of Vesta: Preliminary Results [#7135]
We are in the initial stages of constructing a global geologic map of Vesta at 1:300,000-scale for mapping and
digital publication. It incorporates the full range of available, calibrated data including Dawn mission elemental and
mineralogical data.

Tuesday, June 13, 2017
PLANETARY GEOLOGIC MAPPERS ANNUAL MEETING:
MARS III, SMALL BODIES, OUTER SATELLITES
9:00 a.m. Fremont Room
The Annual Meeting of the Planetary Geologic Mappers features presentations and posters
on the results of NASA-funded geologic mapping projects.
Day 2 topics include mapping of Mars, Small Bodies, and Outer Satellites.
Chair:

David Williams

9:00 a.m.

Mouginis-Mark P. J. * Hamilton C. W.
Mapping Hrad Vallis, Mars [#7080]
Our 1:175K-scale geologic map is almost done! And we've found inflated lava flows and multiple
episodes of aqueous discharge interspersed with volcanic eruptions. But we should also look beyond
this area, as these units extend beyond the map area.

9:20 a.m.

Fortezzo C. M. * Gullikson A. L. Kumar P. S. Platz T.
Geologic Mapping of Central Valles Marineris, Mars, Year 4 [#7120]
This is a summary of geologic mapping of central Valles Marineris up to year 4.

9:40 a.m.

Skinner J. A. Jr. * Fortezzo C. M.
Mapping the Stratigraphy of the Olympia Cavi, Planum Boreum, Using High-Resolution
Data Sets [#7134]
We report on the progress of 1:100,000 scale geologic mapping of strata exposed in the Olympia Cavi
region of Mars.

10:00 a.m.

BREAK

10:20 a.m.

Weitz C. M. * Berman D. Rodriguez J. A. P. Bishop J. L.
Geologic Mapping and Studies of Diverse Deposits at Noctis Labyrinthus, Mars [#7058]
We are mapping at 1:500,000 publication scale the western portion of Noctis Labyrinthus (–6 to –14°N,
–99.5 to –95.0°W), which includes some of the most diverse mineralogies identified on Mars using
CRISM data.

10:40 a.m.

Anderson R. C. * Dohm J. M. Siwabessy A. Fewell N.
Desciphering the Temporal and Spatial Relationships of Stratigraphic Units within the Claritas
Region; Mars Through a New Preliminary 1:1,000,000-Scale Geological Map [#7092]
The formation of the Tharsis has dominated the tectonic and geologic histories of the western
hemisphere of Mars. For this project, we have created a new, preliminary geologic map quadrangle for
the Claritas region at 1:1M-scale.

11:00 a.m.

LUNCH

12:30 p.m.

Golish D. R. * DellaGiustina D. N. Clark B. E. Bennett C. A. Li J. Y.
Zou X. D. Lauretta D. S.
Photometric Modeling of Simulated Surface-Resolved Bennu Images [#7069]
We present the results of testing photometric modeling software that will be used to support basemap
generation of asteroid 101955 Bennu for the OSIRIS-REx asteroid sample return mission.

12:50 p.m.

Mest S. C. * Crown D. A. Yingst R. A. Berman D. C. Williams D. A. Buczkowski D. L.
Scully J. E. C. Platz T. Jaumann R. Roatsch T. Preusker F. Nathues A. Hiesinger H.
Pasckert J. H. Raymond C. A. Russell C. T. Dawn Science Team
The HAMO-Based Global Geologic Map of Ceres [#7105]
We are using image, topographic, and color data derived from Framing Camera images, obtained
during the High Altitude Mapping Orbit phase of the Dawn mission to generate a global geologic map
of Ceres. This map is used to define the cerean timescale.

1:10 p.m.

Leonard E. J. * Patthoff D. A. Senske D. A. Collins G. C. Bunte M. K. Doggett T.
Updating the Global Geologic Map of Europa [#7025]
Mapping features on / Europa's complex surface / Ends with many lines.

1:30 p.m.

Malaska M. J. * Lopes R. M. C. Mitchell K. L. Radebaugh J. Verlander T. Schoenfeld A.
Mapping the Labyrinths of Titan [#7115]
We are mapping the labyrinths of Titan.

1:50 p.m.

Patterson G. W. * Collins G. C. Kinczyk M. J. Patthoff A. D. Perkins R. P. Pappalardo R. T.
Bland M. T. Becker T. L.
Progress on a 1:2M Global Geologic Map of Enceladus [#7117]
We report on progress toward the creation of global geologic map of Enceladus at a scale of 1:2M.

2:10 p.m.

DISCUSSION (2 hours)

PRINT ONLY: THIRD PLANETARY DATA WORKSHOP

Edmundson K. L. Archinal B. A. Backer J. C. Barrett J. M. Becker K. J. Becker T. L. Bonn J. P. Cook D. A.
Hahn M. A. Humphrey I. R. Lambright S. Lee E. M. Mapel J. A. Oyama K. A. Paquette A. C.
Shepherd M. R. Sides S. C. Sucharski T. L. Weller L. A.
The User Experience: Developing an Integrated Photogrammetric Control Environment (IPCE) for
Planetary Mapping [#7011]
The USGS Astrogeology Science Center is developing in ISIS3 an interactive user interface that integrates all
aspects of the photogrammetric control process in a single environment. Here we provide a progress update on
this work.
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PDS Label Assistant for Interactive Design (PLAID): Simplifying PDS4 Label Template Building. S. S. Algermissen1, J. H. Padams2, C. Radulescu3, 1Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak
Grove Dr, Pasadena, CA 91109, Stirling.S.Algermissen@jpl.nasa.gov, 2same, Jordan.H.Padams@jpl.nasa.gov,
3
same, cradule@jpl.nasa.gov

Introduction: The AMMOS-PDS Pipeline
Service (APPS) PDS Label Assistant for Interactive Design (PLAID) tool seeks to simplify
and expedite the process of building a PDS4
label template with a simple step by step interface that does not require experience with
XML, PDS4 Schemas and Schematrons, or
knowledge of the specific requirements of a
PDS4 label. By parsing the PDS4 common and
discipline dictionaries, PLAID dynamically
generates a set of steps that allow the user to
specifiy the number of occurrences of a PDS4
attribute and class, and for attributes, a sample
value.
PDS4 requirements such as the minimum
and maximum occurrences allowed for an attribute or class, including which elements are
required and which are deprecated are shown
in the tool. This prevents users from generating
invalid PDS4 label template XML structures.
In addition, PLAID extracts the descriptions
of attributes and classes from the PDS4 model and thereby provides inline documentation
at each step.
Any change to the PDS4 schema is reflected in the steps the tool generates and
users can specify which version of the PDS
common dictionary they would like to us so
as to support missions that have settled on a
specific version of the common dictionary. A
mission area section allows for the free form
creation of mission-specific attributes and
classes in a simple drag and drop interface.
Once a template is completed, the user can
send it directly from the tool to a PDS node
for review.
The APPS PLAID tool has been open
sourced and can be found on GitHub. [1]
References:
[1] https://github.com/nasa-pds/PLAID
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PYTHON SPECTRAL ANALYSIS TOOL (PYSAT) FOR PREPROCESSING, MULTIVARIATE
ANALYSIS, AND MACHINE LEARNING WITH POINT SPECTRA R.B. Anderson1, N. Finch1, S. Clegg2,
T. Graff3, R.V. Morris3, J. Laura1; 1U.S. Geological Survey, Astrogeology Science Center, Flagstaff, AZ (rbanderson@usgs.gov); 2Los Alamos National Laboratory, 3NASA Johnson Space Center.
Introduction: Spectroscopic planetary data sets
are inherently more difficult to work with than images,
because they often require a deeper familiarity with the
instrument and data processing steps to derive scientifically meaningful results. However, spectroscopic data
are also vital to understand the properties and geologic
history of planetary bodies.
The quantity of spectroscopic data available from
surface instruments is also increasing rapidly. For example, ChemCam on the Curiosity rover [1,2] has returned more than 400,000 spectra to date and SuperCam on the upcoming Mars 2020 mission [3] is expected to be similarly prolific. It is vital that the planetary science community be able to easily analyze the
data from these and other spectroscopic instruments.
We are therefore developing a library of spectral
analysis software and an associated graphical user interface to enable any scientist to process point spectral
data without requiring programming expertise. The
focus of development to date has been on implementing the types of preprocessing, multivariate analysis
and machine learning methods that are used in the calibration and analysis of data from ChemCam, but these
methods can easily be applied to other spectral data,
and additional capabilities such as clustering and classification will be added in the future. This work is
complementary to PySAT development geared toward
orbital data [4].
Data Format: PySAT relies on the Pandas [5] library to efficiently store spectra and associated
metadata in a single data frame. The PySAT format for
point spectral data is a comma-separated value (.csv)
file with spectra and associated metadata stored in
rows. Two header rows represent multi-indexes for the
data frame, with the top row indicating broad categories of data (e.g. wavelength, metadata, composition)
and the second row indicating specific categories (e.g.
‘240.811’, ‘Target Name’, ‘SiO2’). PySAT has a builtin function to read individual PDS-format data files
from ChemCam into the PySAT .csv format, and laboratory data in the proper format will be included in
the repository.
Capabilities:
Preprocessing: To ensure that regression models
can be trained, rows of the dataframe that are missing
the variable of interest can easily be filtered out. Spectra in one data frame can also be interpolated onto the
spectral channels from another data frame, a first step
in combining data from different instruments. A mask,

specified by a simple .csv file, can be applied to all of
the spectra in a data frame, and spectra can be normalized to the integrated signal within specified wavelength range(s). Spectra can also be grouped into a
number of “folds” in preparation for model validation
and testing, with the folds stratified on a single column
of the data frame’s metadata (for example, the SiO2
content) to ensure a similar distribution of that variable
in each fold. Dimensionality reduction, using principal
components analysis (PCA) or two different independent component analysis (ICA) algorithms can also be
applied as a preprocessing step. The PySAT library
also includes a number of continuum removal algorithms provided by [6]. These have not yet been connected to the graphical interface.
Regression: Regression methods can be used to
generate models capable of converting observed spectra into chemical compositions or other predictions of
the target properties. PySAT makes use of the scikitlearn machine learning library [7] to allow users to
train a variety of regression models. Currently the following methods are implemented: ordinary least
squares (OLS), partial least squares (PLS), Gaussian
process regression (GPR), orthogonal matching pursuit
(OMP), and Lasso (refer to [7] for references for these
and other methods). To assist users in identifying the
optimal parameters for these methods, a flexible cross
validation option is available using the stratified folds
defined in preprocessing.
Once a regression model has been trained, it can be
used for prediction. If multiple models have been
trained, they can be blended together to implement
submodel regression [8]. The current ChemCam calibration uses blended PLS submodels [9], but there is
no requirement in PySAT that the same regression
method be used for all submodels, providing added
flexibility. The ranges over which the submodels are
blended in PySAT can optionally be optimized based
on performance on training data.
Visualization: PySAT also includes Matplotlibbased [10] options for producing point and line plots,
as well as plots of scores and loadings to visualize
PCA and ICA results. Figure 1 shows an example plot
comparing several different regression algorithms.
Interface: We have also developed a graphical user interface based on PyQt4 [11] to make all of the
above capabilities accessible for non-programmers.
The graphical interface is based on the concept of
“workflows”, comprising individual processing steps
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or “modules” arranged in a user-specified order. The
interface includes a progress bar to indicate when the
program is running a calculation. As each module is
run, it is grayed-out to indicate progress through the
workflow (Fig. 2).
Once the user has determined the optimal order for
the steps in the workflow, it can be saved and restored
at a later date. This saving and restoration process uses
Python’s “Pickle” capability, and provides a convenient way to store and later replicate the exact processing steps involved in deriving results from a data
set. For example, the methods and plotting commands
used to produce the results and figures in a publication
could be stored and included as supplemental information along with the manuscript.
Future Work: The PySAT point spectra tool GUI
is available at [12] and the underlying code containing
the core functionality of PySAT for point spectra is at
[13]. As development continues, several additional
capabilities will be added, including: upgrading to
PyQt5, adding a graphical interface for continuum
removal; basic spectral math; peak area calculations;
more dimensionality reduction and regression options;
clustering and classification; calibration transfer; and
improved data input, manipulation, and visualization
options. The course of development and prioritization
of different features will also be guided by feedback
from users.
Although the tool was designed primarily with laser-induced breakdown spectroscopy (LIBS) analysis
in mind, it can be easily applied to any spectral data if
formatted correctly. The tool provides a flexible and
powerful framework enabling scientists to process and
analyze spectral data using multivariate and machine
learning methods, leading to improved scientific results.
References: [1] Maurice, S., et al. (2012) Space Sci.
Rev. 170, 95–166. doi:10.1007/s11214-012-9912-2 [2]
Wiens, R.C., et al. (2012) Space Sci. Rev. 170, 167–
227. doi:10.1007/s11214-012-9902-4 [3] Wiens, R.C.,
et al. (2016) 47th LPSC, #1322. [4] Gaddis et al., this
volume. [5] http://pandas.pydata.org/ [6] Giguere, S.,
Carey, C.J., Boucher, T., et al. (2013) Proc. 5th IJCAI
Workshop on Artificial Intelligence in Space. [7]
http://scikit-learn.org/ [8] Anderson, R.B., et al. (2017)
Spectrochim. Acta B, 129, 49–57.
doi:http://dx.doi.org/10.1016/j.sab.2016.12.003 [9]
Clegg, S. et al. (2017), Spectrochim. Acta B, 129, 6485. http://doi.org/10.1016/j.sab.2016.12.003 [10]
http://matplotlib.org/ [11]
https://riverbankcomputing.com/software/pyqt/intro
[12] https://github.com/USGSAstrogeology/PySAT_Point_Spectra_GUI [13]
https://github.com/USGS-Astrogeology/PySAT
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Figure 1: Example plot showing predicted chromium
content using ChemCam laboratory spectra and several
different algorithms, illustrating how the tool can be
used to rapidly develop and compare results from different workflows.

Figure 2: Example workflow in the PySAT point spectra GUI. The workflow loads data, removes spectra with
no SiO2 composition, masks and normalizes the spectra,
separating them into 5 stratified folds with fold 3 set
aside as a test set, and trains a PLS regression model
with 7 components.
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Desciphering the Temporal and Spatial Relationships of Stratigraphic Units within the Claritas Region;
Mars through a new Preliminary 1:1,000,000-scale Geological Map
R.C. Anderson1, J.M. Dohm2, Andrew Siwabessy, and N. Fewell1; 1Jet Propulsion Laboratory, California
Institute of Technology, Pasadena, California, 2The University Museum, The University of Tokyo, Hongo 7-31, Bunkyo-ku, Tokyo I13-0033, Japan. (Robert.C.Anderson@jpl.nasa.gov).
Introduction: The formation of the Tharsis rise has
dominated the tectonic and geologic histories of the
western hemisphere of Mars. One ancient area
associated with Tharsis is the Claritas Rise. Claritas
is a distinct ancient promontory located near the
southwestern margin of Tharsis and contains: a) the
greatest percentage of faults preserved in Noachian
materials for the western hemisphere [1, 2], b) an
enormous rift system and highly deformed
mountainous materials interpreted to be ancient
basement crust, and c) a center of tectonic activity
representing a region of broad magmatic-driven
uplift and associated faulting. Because Claritas
spatially registers with a magnetic signature [3], the
tectonic activity associated with its formation is
interpreted to mark either incipient Tharsis
development, or more likely, pre-Tharsis activity,
when the Martian dynamo was in operation (>4.0
GA). In order to improve our understanding of the
early geologic and tectonic history of Tharsis, a
detailed study of the faulting (e.g. type,
displacement, etc.), as well interpreting the complex
temporal and spatial histories of each major fault
system associated with the stratigraphic units
exposed within this region has been undertaken.
For this project, we have examined the spatial and
temporal histories of the major fault systems within
and surrounding the Claritas Rise in order to better
constrain its timing with respect to pre- and
incipient-Tharsis tectonism. To accomplish this
goal, we have created a new, preliminary geologic
map quadrangle for the Claritas region (Claritas
Fossae: Longitude 248o – 263o east; latitude 12o to
34o south) at 1:1M-scale (Fig. see below). Using
high-resolution orbital imagery, we are working
towards improving and refining the relative ages
and timing of the stratigraphic units for this region
to provide better constrain the age of the faults.
Unraveling and characterizing this complex array of
faults associated with Claritas provides a vital key

to understanding the early history of the Martian
crust.
Mapping Status: We have completed a detailed
1:1,000,000-scale geologic map of the Claritas
region, which includes mapping stratigraphic units
and identifying tectonic, erosional, depositional, and
impact structures. We followed the procedure for
mapping surface units defined by [4] and [5].
Stratigraphic units were differentiated based on both
stratigraphic
(crosscutting,
overlap,
and
embayment) and contact relations and morphologic
characteristics.
In addition to deciphering the stratigraphic unit
contacts and polygons, graben in the mapping area
were demarcated in ArcMap at a 1:1M scale using
Thermal Emission Imaging System (THEMIS)
Daytime IR basemap, supplemented by hiresolution
images
taken
by
the
Mars
Reconnaissance Orbiter (MRO)’s Context Camera
(CTX) and the Mars Express’ High/Super
Resolution Stereo Colour Imager (HRSC). The
graben were then spatially joined to their underlying
geologic unit polygons and separated at their
vertices into straight segments and then placed into
rose diagrams to determine trends in orientation.
In this meeting, we will present the results of our
fault and stratigraphic mapping effort as well as a
preliminary 1:1M map of the Clartias region.
References: (1) Anderson, R.C., et al., J. Geophys.
Res., vol. 106, E6, 12301-12314, 2001; (2) Plescia,
J.B., and R.S. Saunders, J. Geophys. Res., 87,
p.9775-9791, 1982; (3) Richardson et al., J. of
Volcanology and Geothermal Res., 252, 1-13; 2013.
[4] Scott, D.H., and Tanaka, K.L. (1986) USGS
Misc. Inv. Ser. Map I-1802-A (1:15,000,000). [5]
Tanaka, K.L., et al., 2014. USGS Map Scientific
Investigations Map 3292.
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CONVERSION OF SEVEN COMPLETED MAPS INTO ARCGIS FOR PUBLICATION, PART 2. R. C. Anderson, T. J. Parker and J. F. Schroeder, Jet Propulsion Laboratory, California Institute of Technology, Robert.c.anderson@jpl.nasa.gov, timothy.j.parker@jpl.nasa.gov, jeffrey.f.schroeder@jpl.nasa.gov.
Introduction: Seven completed geologic quadrangles
for Mars previously funded by the Planetary Geology
and Geophysics program (PGG) and awarded to Tim
Parker have been compiled in various formats (e.g. Canvas, Claris Draw, Photoshop, etc.) These maps need to
be converted into ArcGIS and submitted to the United
States Geological Survey (USGS) for final review and
map publication. Parker completed each of these maps
in these older programs prior to the USGS switch to
standard ArcGIS format. Each of the Mars base maps
are compiled from older Viking Orbiter data in west areographic latitude/longitude coordinates. The USGS
has since replaced the Viking based maps and coordinate system with the newer Themis daytime IR global
mosaic and MOLA 2000 areocentric system. Because
there were no requests for additional funds to meet these
new requirements by the PI, the maps became inactive.
With the recent push by NASA and the USGS to get all
previously awarded maps completed or returned back to
the queue, our goal is to get these completed maps into
production for access by the science community.
Conversion of the first 3 maps, of East Acidalia, is
now complete, as planned for the first year of this twoyear project. These maps will be submitted for peerreview by this meeting. We have begun conversion of
the four 1:500,000 scale maps of Argyre Planitia as a
1:1,000,000 scale map as primary task for the second
year of this project.
We emphasize that the goal of this project is not to
start from scratch and remap these seven quadrangles,
but to retrace and adapt these seven completed quadrangles into two 1:1,000,000- scale new maps based on the
mapping completed Parker onto the newer Themis IR
base maps, produce these new maps through the USGS,
and make them accessible to the greater planetary science community for use.
East Acidalia Planitia/West Deuteronilus Mensae: To create a single map for East Acidalia Planitia/West Deuteronilus Mensae, the following three
USGS quadrangles have been combined at their shared
borders: MTM-45357, MTM-45352, and MTM-45347
(Figure 2). This set of maps has already gone through
Phase 1 of the external review by the USGS (J. Plescia
and J. Moore, reviewers). The review comments are being incorporated into an updated DOMU for the combined 1:1,000,000 map.
Central and Southeast Argyre Planitia: To create
a single map for Central and Southeast Argyre Planitia,
the following four USGS quadrangles have been
merged: MTM-50036, MTM-50043, MTM-55036, and
MTM-55043 (Figure 2). Four 1:500,000-scale geologic

maps of central and southern Argyre were produced in
the early to mid 90s, and received a preliminary (non
formal) review at that time.
The following processes are currently underway:
1. Verification that the units are consistent across
boundaries. Referencing Viking-based contacts to the
THEMIS Day IR base map.
2. Converting all mapping components digitally to a
GIS database. This includes creating in ArcGIS: GeoContacts, GeoUnits, Location Features, Linear Features, Surface Features, and Nomenclature. Minimal
remapping is required to adapt Tim Parker’s four Argyre quadrangles to the new 1:1,000,000-scale map.
3. Update DOMU describing each of the GeoUnits.
The DOMU will need to be formatted into a chart following new USGS guidelines.
4. Update COMU describing relative timing and ages
of major map units and geologic events. The COMU
will follow new USGS guidelines.
5. Update Explanation of Map Symbols (EOMS) section from Parker’s PhD chapter on Argyre [1], and MS
transcribe it into ArcGIS format.

Figure 1: Completed Central and Southeast Argyre
Planitia map by T. Parker. All four quadrangles are
mapped and completed.
Reference: Parker, T. J., 1994. Martian Paleolakes
and Oceans. PhD. Univ. So. Cal. 200p.
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Figure 2: Completed East Acidalia Planitia/West Deuteronilus Mensae map by T. Parker, B. Franklin, and J.
Schroeder. Top: THEMIS Day IR base, ArcGIS. Bottom: Correlation of Map Units.
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SPICEYPY, A PYTHON WRAPPER FOR SPICE. A. Annex1, 1Department of Earth and Planetary Sciences,
Johns Hopkins University, Baltimore, MD 21218 (annex@jhu.edu).

Introduction: The NAIF has long supported distributions of the SPICE library for Fortran, C and proprietary interpreted languages such as IDL and
MATLAB. With the growing use of open source interpreted languages, such as Python in the scientific
community [1], the need for a Python wrapper or interface to SPICE has led to the development of several
open source Python wrappers for SPICE by motivated
individuals and groups. One of these python wrappers
is called SpiceyPy [2], which is licensed under the
MIT software license and implements a majority of the
CSPICE API. SpiceyPy is available on the Python
Package Index (PyPI) and the git repository is hosted
at https://github.com/AndrewAnnex/SpiceyPy. What
follows is a discussion of SpiceyPy and its impact so
far in the scientific community.
History: Python support for SPICE has been in development in official and unofficial capacities since as
early as 2007 [3]. Although the official version has yet
to be released by the NAIF, unofficial versions such as
PySPICE first became available in early 2010 [4].
PySPICE was implemented via a custom parser that
generated wrapper functions using the Python/C API,
which created compatibility issues when attempting to
support newer Python versions (Python 3). The desire
to have cross-version and cross-platform support led to
the initial development of SpiceyPy by the first author
of this abstract in early 2014. Around the same time, a
project by Philipp Rasch called Spiceminer [5] followed a similar trajectory in using ctypes but focused
on a higher-level API that used a small subset of
SPICE functions, but importantly Spiceminer implemented the CSPICE Cell data structure as well as code
that downloaded the appropriate SPICE distribution for
users system during installation which are noted in the
code of SpiceyPy and some SpiceyPy specific changes
have been contributed back to the Spiceminer codebase
as both projects are MIT-licensed. After two years of
casual development, SpiceyPy version 1.0.0 was released in the March of 2016, with a newer minor version (1.1.0) released in October of that year [2].
Implementation: CSPICE was wrapped in
SpiceyPy by compiling CSPICE into a shared library
on the desired platform and implementing the wrapping code in Python using the ctypes FFI package included in the Python standard library. This allowed for
wrapper functions to be implemented in pure Python
code that could be trivially written to be crosscompatible with legacy Python (versions 2.7.X) and
newer version of Python (3.4, 3.5, 3.6). Version com-

patibility was also aided by using the popular Python
library Six [6]. Additional benefits were realized by
bridging C to Python idioms for error code and exception handling as well as implementing compatibility
with the popular Numerical Python (NumPy) package
for vector and matrix data types. Ease of installation
was ensured by publishing the library to the Python
Package Index (PyPI) and the Anaconda™ Cloud
hosted by Continuum Analytics, enabling simple installation using the pip or conda install commands. By
using pip, SpiceyPy can be installed by running “pip
install spiceypy”.
API details: SpiceyPy includes wrapper functions
for approximately 97% of the CSPICE N65 documented functions, which includes over 500 functions. Of
those functions that have been wrapped, around 90%
have tests implemented to validate that the wrapper
functions are working as intended. SpiceyPy does not
cover most of the event kernel (EK) SPICE functions
due to lack of user demand and currently does not
wrap most of the Geometry Finder (GF) functions
which rely on C callback function. Function names in
SpiceyPy are equivalent to those in the CSPICE API,
neglecting the “_c” suffix in the function name. For
example, “sincpt_c” from CSPICE can be called in
SpiceyPy as “sincpt”. Functions like “sincpt” that return boolean “found flags” to indicate success or failure are wrapped using a Python decorator function to
throw a Python exception if the flag evaluates as false
to better align with Python idioms. Similarly, all functions are wrapped with a decorator function that interrogates the SPICE error handling system to migrate
error messages into Python exceptions. SPICE data
structures like Cells, Ellipses, and Planes are implemented, and Cells are indexable and iterable in Python
like Python lists.
Development Methods: SpiceyPy was developed
using a few methods that greatly aided the tasks of
maintaining the codebase and supporting end users.
The code for SpiceyPy is version controlled using the
Git VCS system, and hosted on a public GitHub repository. Extensive tests, mostly translated from the NAIF
CSPICE API documentation into Python, are included
in the code repository for nearly all supported functions to demonstrate and ensure continued functionality of the package. Function docstrings are also written
for each function, detailing parameter data types and a
short description about the function with a link to the
corresponding documentation for the C version of that
function hosted by the NAIF.
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The project utilizes the popular Travis CI and AppVeyor cloud-based continuous integration (CI) services to build and test new revisions of the SpiceyPy
codebase on *NIX and Microsoft Windows™ operating systems for every new commit to the codebase.
Code coverage statistics are reported using the Coveralls cloud-based CI service. Documentation was written in reStructuredText (RST) format and is hosted
using the ReadTheDocs cloud-based CI service [7]
which generate documentation from included text files
and function docstrings. Although GitHub provides a
mechanism for users to issue bug reports and feature
requests, a Gitter IM chat room was created for the
project to facilitate quick user communication with the
maintainer of the project and other users. Critically,
these services are utilized at no cost to the maintainer.
These services minimize the maintenance effort and
validates functionality on a continual basis.
Usage by the Community: SpiceyPy has been cited in three different scientific papers by distinct authors in different journals since the 1.0.0 release in
March 2016 [8-10]. This number however is not a
good proxy for inferring how many users there are as
some users are not using SpiceyPy for scientific publications. Gauging the direct usage of SpiceyPy is difficult without a survey of users, however some statistics
are gathered by various services that provide some
details. Downloads from the Python Package Index
(PyPI) are logged and queryable through a publically
available
Google
BigQuery™
table
“thepsf:pypi.downloads” [12]. A query was run against this
table with results limited to installations using the pip
CLI tool to filter out PyPI mirrors between the dates
03/01/2016 and 03/31/2017 which processed through
169 GB of data. The results aggregated download
counts of SpiceyPy for each version of Python and
each version of SpiceyPy and are presented below in
table 1.
Version
SpiceyPy 1.1.0 (October 2016)
SpiceyPy 1.0.0 (March 2016)

2.6

2.7

3.4

3.5

3.6

1

204

107

103

44

7

315

17

57

NA

Table 1: Counts of SpiceyPy downloads from pip grouped by
Project Version and Python Version between 03/01/2016 and
03/31/2017. Dates below SpiceyPy versions indicate month of
release. NA indicates where versions of SpiceyPy have not been
released for that version of Python.

Most users are utilizing legacy python installations (versions 2.7 and below). The usage of Python 3
is spread across the various minor releases, with the
smallest amount attributed to Python 3.6 which was
not released until late 2016. These results appear to
show a growing use of Python 3 with a greater number
of downloads for all Python 3 versions of SpiceyPy
1.1.0 than for legacy Python versions.
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The Anaconda™ Cloud also displays download
statistics for conda packages which show a smaller
number of users utilize the conda package distributions. The number of downloads for 64-bit distributions as of April 2017 for SpiceyPy 1.1.0 are listed
below in table 2, and are grouped by operating system.
Version
macOS™
Linux
Windows™

2.7
14
28
28

3.4
NA
NA
3

3.5
28
39
17

3.6
NA
NA
0

Table 2: Counts of SpiceyPy 1.1.0 downloads from the Anaconda™ Cloud. NA indicates where versions of SpiceyPy have not
been released for that version of Anaconda™.

From these counts, there is a notable preference for
newer Python versions by Anaconda™ users on macOS™ and Linux systems.
Future Directions: Development of SpiceyPy will
continue as new issues are reported by end users and as
new versions of SPICE are released, such as N66. The
changes made by N66 will likely be added to SpiceyPy
version 2.0.0, allowing versions 1.0.0 and 1.1.0 to remain tied with N65. Additional changes may include
updating incomplete wrapper functions to explicitly
return a runtime exception instead of providing limited
or broken functionality to make it clearer to users what
still needs work. A refactor of the SpiceyPy to utilize
the Python CFFI package is also been prototyped
which may simplify some of the function wrapper code
as well as making SpiceyPy more compatible with the
PyPy implementation of Python [12].
Conclusions: SpiceyPy is a mostly feature complete open source wrapper for CSPICE implemented
by private persons outside of the NAIF. It is utilized by
several researchers in various fields and is beginning to
appear in the scientific literature. SpiceyPy will continue to be developed upon periodically as the NAIF
releases new versions of SPICE.
References: [1] Laura et al. (2014), LPSC XLV Abs. #2226.
[2]
Annex
A.
SpiceyPy
1.10
release
(2016)
http://doi.org/10.5281/zenodo.161632. [3] Acton C.H., Aguilar R.
Spice_discussion
email
listserv
(2007-2010)
https://naif.jpl.nasa.gov/pipermail/spice_discussion/. [4] Aguilar R.,
PySPICE (2010), https://github.com/rca/PySPICE. [5] Philipp R.,
SpiceMiner (2010), https://github.com/DaRasch/spiceminer. [6]
Peterson B. (2015), https://github.com/benjaminp/six. [7] Holscher
E., Leifer C., and Grace B., Read the Docs Service, (2010)
https://docs.readthedocs.org. [8] McAuliffe J. P. and Pablo L., 14th
International Conference on Space Operations, (2016). [9] Wilson
T. and Xiaoxiong X. SPIE Remote Sensing. International Society for
Optics and Photonics, (2016). [10] Behar E. Et al. Geophysical
Research Letters, (2016). [11] Stufft D., Publicly Queryable Statistics (2016) https://mail.python.org/pipermail/distutils-sig/2016May/028986.html. [12] Armin R., et al. CFFI Documentation
https://cffi.readthedocs.io/en/latest/installation.html.
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AN UPDATE ON THE IAU WORKING GROUP ON CARTOGRAPHIC COORDINATES AND
ROTATIONAL ELEMENTS AND ITS UPCOMING REPORT. Brent A. Archinal1 and the IAU Working
Group on Cartographic Coordinates and Rotational Elements, 1U. S. Geological Survey, Astrogeology Science Center, (2255 N. Gemini Drive, Flagstaff, AZ 86001, USA barchinal@usgs.gov).
Overview: Approximately every 3 years since
1979, the Working Group on Cartographic Coordinates
and Rotational Elements (hereafter the “WG”) of the
International Astronomical Union (IAU) has issued a
report recommending coordinate systems and related
parameters (e.g. body orientation and shape) to be used
for making cartographic products (maps) of Solar System bodies. These recommendations are based on
community consensus as interpreted by a diverse international group of mapping experts, and are intended to
facilitate the use and comparison of multiple datasets
by promoting the use of a standardized set of mapping
parameters. This abstract is intended to draw attention
to the WG’s efforts, our previous reports (e.g. [1]), and
our 2015 report that is nearing completion. The WG
encourages input and is available to assist users, instrument teams, and missions on cartographic issues.
See our website [2] for additional information.
Operation of WG: The WG currently consists of
19 volunteer members from 6 countries: C. Acton, M.
A’Hearn, B. Archinal (Chair), A. Conrad, G. Consolmagno, T. Duxbury, D. Hestroffer, J. Hilton, L. Jorda,
R. Kirk, S. Klioner, D. McCarthy, K. Meech, J. Oberst,
J. Ping, K. Seidelmann, D. Tholen, P. Thomas, and I.
Williams, representing China, France, Germany, UK,
USA, and the Vatican City State. Volunteers who wish
to help with our report and other activities are welcome
to apply for WG membership. New memberships have
usually begun at the time of the IAU General Assembly
(GA) or following the publication of our reports.
Membership is open to all. The WG looks at new determinations of coordinate systems (e.g., body sizes
and orientations) that preferably have been published
in refereed papers, and makes recommendations as to
which to use, based where possible on consensus decisions. As a volunteer organization, the WG has no resources to verify results or conduct its own research so
it relies only on published results and community input.
For that reason, it is sometimes not possible to recommend one set of results over another. The WG cannot
verify or “bless” any particular results by independent
research, and has no “enforcement” powers, but tries,
in reflecting the long term planetary community consensus, to make persuasive recommendations.
The WG does not deal with issues related to mapping product formats. Such issues have largely been
left to individual map developers, archiving organizations such as the NASA Planetary Data System (PDS),
the International Planetary Data Alliance, or the NASA
Mars Geodesy and Cartography and Lunar Geodesy
and Cartography Working Groups (MCGWG[3],
LGCWG[4]) and individual missions. Input from such
organizations has been welcomed by the WG and the

frequency of interaction highlights the strong need for
such organizations at mission, space agency, and international levels. The WG looks forward to collaborating
with the new NASA Mapping and Planetary Spatial
Infrastructure Team (MAPSIT) [5].
In discussions at the IAU GA in 2012 there was
agreement [6] to remind authors, journal editors, instrument teams, missions, and space agencies that a
substantial number of IAU recommendations exist that
have been developed over many decades of input by
IAU members, national space agencies, and other institutions. Care should be taken to follow such recommendations or to present well-reasoned arguments why
they should be changed. The IAU and its Working
Groups stand ready to help such groups understand and
follow IAU recommendations, and to modify such recommendations given sufficient justification to do so.
Defining Longitude: One ongoing issue is the
question of how the definition of longitude should be
updated on Solar System bodies. The WG addressed
this issue in its first report [7] and reiterates in the recent report [1] that once an observable reference feature at a defined longitude is chosen, the alignment of
the longitude system should not change. Given that our
definition of longitude is primarily for mapping surface
features, it is more logically tied to data related to the
surface of the body (e.g., direct imaging or altimetry)
than to dynamical data (e.g., the principal axes of inertia for resonantly or synchronously rotating bodies such
as Mercury [8], the Moon, or Jovian or Saturnian satellites). Once such a feature has been adopted, changing
the longitude system alignment should be avoided.
Note that this recommendation does not preclude the
use of smaller or more precisely determined features,
multiple features, or even human artifacts to define
longitude, as long as the original alignment is maintained to the level of precision at which the feature can
be located in new data. An example is the redefinition
of the origin for longitude for Mars from the large feature then known as Sinus Meridiani to the small crater
Airy-0 [9]. Some shift in longitude of previously identified features may occur whenever new data are available and processed, but that effect is minimized at least
in the vicinity of the defining feature.
Coordinate System for (4) Vesta: In August 2011,
the NASA/DLR/ASI Dawn mission proposed using a
longitude system with a large (~155°) rotation from the
previous [10] system. Many reasons were expressed for
this new system, but the WG replied in both September
2011, and March 2012, after careful and extensive consideration, that the arguments were not compelling
enough to ignore previous usage by the planetary
community and the WG’s previous recommendations.
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Unfortunately, the mission began publishing results
using only their rotated system [e.g., 11]. The change
in system has resulted in substantial confusion. Fortunately, the NASA PDS requires that archived data
products follow various standards, including those of
the IAU. The mission therefore proposed a new system, which the PDS did accept as agreeing with IAU
recommendations. This system is as described in the
archive [12] (with W0=285.39º). The WG was asked
by the mission for concurrence on the suitability of this
latest system, and the WG did so in November 2012.
The WG also recommended that to avoid further confusion, maps and scientific publications should henceforth use the same primary system as the data archives.
The Dawn mission has published data to the PDS using
the new compliant system. The WG also explicitly recommended this system for general use for Vesta [13].
General Changes: Following extensive discussion,
the WG has incorporated some key changes to our
about-to-be published report, and the IAU’s categorization of the WG has changed. First, based on the experience with Vesta, the WG has partially reworded and
clarified its recommendations regarding updating longitude. Second, mission and community input has
spurred the WG to differentiate between body shapes
and sizes for image projection and scientific modeling
versus a reference surface for elevation and map scale.
In particular, long-accepted values for the latter will be
documented for the Moon and Titan. Operationally,
the WG has become a “Functional group” where such
groups would have the “main responsibility of [providing] state-of-the-art deliverables: standards, references;
tools for education, related software (VO), etc., with an
official IAU stamp, for universal use” [14]. The WG
will continue to serve in the area of standards.
Changes for Specific Bodies Under Discussion:
Due to past confusion in their use, formulae for the
Earth’s orientation (which had been given for comparison purposes only) will be removed. For the Moon, the
availability of a new JPL lunar ephemeris (DE430) will
be pointed out, but its adoption will probably not be
recommended based on the need for discussion of the
effect on currently active and near future missions like
LRO. The MGCWG has previously recommended [15]
the use of a new orientation model for Mars [16], but a
further improved model is now available [17] which is
recommended for use along with a fixed longitude for
the Viking 1 lander (T. Duxbury, pers. comm.). Neptune’s rotation model will be updated based on results
from Karkoschka [18]. The size of the Sun has been
updated per an IAU resolution. New or updated values
for orientation and/or size will likely be adopted for (1)
Ceres, (16) Psyche, (52) Europa, (2867) Šteins, and
Pluto and Charon. Correct values will be used for the
size of (25143) Itokawa. Recent determinations of (variable) rotation rates for 9P/Tempel 1, 19P/Borrelly,
67P/Churyumov-Gerasimenko, and 103P/Hartley 2
will be recommended.
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Outlook for Later Reports: Specific changes for
the 2018 and later reports will depend largely on what
new results are published. We can speculate regarding
updates or new values in several areas including a)
using human artifacts to define longitude, e.g. on the
Moon with the lunar laser ranging retroreflectors
(LRRR); b) further improvements in the lunar ephemeris; c) updates for the orientation of Jupiter and Saturn; and d) updates due to new results from recent, ongoing, and new missions (e.g. for Mercury, the Saturnian satellites, Pluto and Charon, Ceres) and Earth-based
observations (various asteroids). Consultation is needed within the IAU as to whether the WG should make
any recommendations regarding exoplanets. The WG
has been looking into establishing links to related organizations, such as the International Association of
Geodesy and the International Society for Photogrammetry and Remote Sensing. The WG will continue to
provide assistance on coordinate system and mapping
issues to the planetary community (e.g., missions,
product developers, the new NASA MAPSIT, etc.) on
a best-effort basis.
Request for Input: The WG desires continued input and volunteers from the planetary community. Such
feedback and effort is welcome, especially regarding
the systems for specific bodies, the operation of the
WG, and the need for and/or usefulness of the WG’s
efforts. The lead author of this abstract should be considered the primary point of contact.
Acknowledgements: Partial funding for Archinal
has been provided by the NASA-USGS PSDI Interagency agreement.
References: [1] Archinal, B. A. et al. (2011) CMDA,
109, 101-135; Archinal, B. A. et al. (2011) CMDA,
110, 401-403, erratum. [2]
http://astrogeology.usgs.gov/groups/IAU-WGCCRE.
[3] Duxbury, T. C. et al. (2002) ISPRS, 34, pt. 4,
http://astrogeology.usgs.gov/groups/ISPRS. [4] Archinal, B. A. and the LGCWG (2009) LPS XL, Abstract
#2095. [5] Lawrence, S. et al. (2016), LPS XLVII,
Abstract #1710. [6] Meech, K. et al. (2012) Inquires of
Heaven, no. 10, p. 6,
http://www.astronomy2012.org/ih. [7] Davies, M. E. et
al. (1980) Celest. Mech., 22, 205-230. [8] Margot, J.-L.
(2009) CMDA, 105, 329-336. [9] de Vaucouleurs, G.
et al. (1973) JGR, 78, 4395-4404. [10] Thomas, P. et
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REPEATING PATTERNS IN THE DAY-TO-DAY WORK WITH PLANETARY MISSION DATA. K.-M.
Aye1,1Laboratory for Atmosphere and Space Physics, University of Colorado, Boulder (michael.aye@lasp.colorado.edu)

Introduction: After several years of processing
and analyzing data from solar system missions, I have
recognized a few repeating patterns in the supporting
software I created for working with these data. Especially for the case of explorative data analysis, where
one often has to look at and compare data from different quality levels, production runs, etc. two support
structures turned out to be the most helpful patterns.
These most prevalent patterns are what I call path
managers and data (or database) managers, and
metadata searches.
Data(base) Manager: Often one has to work with
different sources of data for the same analysis, either
because one set is newer and not published at the same
source, or because one set has been produced as a derivative from the other. In both cases, it is very helpful
to define a software tool (a Python class in my case)
that helps with easy finding and access to different
databases. The helpful functionalities are: 1) finding
the most recent files in a folder, in case subsequent
processing is happening inside the same folder; 2)
node/machine-dependent storage locations (because
laptops usually have less capacity than desktops); 3),
sub-dataset retriever functions that are able to filter the
accessible data for keywords and/or ranges of parameters, easily providing a subset for the ongoing work
task.
Path Manager: Each project will have, either defined by others, or by the researcher themselves, a
structure of paths where different levels of data, or
metadata data for the actual data are stored. For spacecraft missions this results in a large list of possible
paths for each and every data product and it is very
time-consuming to manually keep track of these while
performing real-time explorative data analysis.
In recent projects I have implemented PathManagers to deal with this problem. Basically, a (currently
hard-coded) class structure is defined that has attributes for each kind of sub-data paths underneath a
common observation id. For example, for a HiRISE
observation ID, there are paths to many products related to one observation ID, like COLOR, RED, and
combined mosaics. During explorative analysis, I am
able to call up a PathManager object for a given obsid
and database, and an attribute called “red_mosaic”
would provide the full path to that image product simply like so: “pm = PathManager(obsid, db);
print(pm.red_mosaic)”.

Metadata searches: Finding data often involves
the search through metadata. To enbable this without
using often cumbersome and mostly un-controllable
web interfaces, the Planetary Data System archive requires the delivery of a cumulative index file that
summarizes a chosen set of metadata for each observation id of a data set. I have found a way to ingest these
metadata tables into a pandas DataFrame for convenient search queries. However, one current problem is
that each delivery to any of the PDS nodes comes with
a new cumulative index file that is stored into a new
subfolder. This creates problems for tool creators like
me that want to provide the newest metadata for a given mission instrument. It basically would create the
need to parse the html code for the most recent folder
that can be found which could be done at a hacking
session at this conference, but recently, I have made
progress in pleading with PDS nodes to create static
URLs to these cumulative index files. The RingsMoons node has agreed to create these static URLs that
will link to the most recent delivered cumulative index
file.
Abstractization: For my efforts in creating a toolset for planetary science in Python, similar to what
“astropy” did for astrophysics, I believe it would be
helpful to abstract these patterns into either a) configurable templates that should be easy adaptable for any
new projects, so that it could become either part of the
`planetpy` package, or b), become part of a so called
cookiecutter project template that could be used to
create a new software package for a new science project. I will provide concrete suggestions on how this
could be done and am asking for community feedback
on the best way forward.
The above mentioned metadata approach using
pandas Dataframes is ready to be implemented into the
`planetpy` project, it might just be more or less cumbersome to add the most recent cumulative index file
to the current project, depending on the willingness of
the PDS node to provide static links to these files.
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The SPICE Digital Shape Kernel (DSK) Subsystem. N. J. Bachman1 1Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr. Pasadena, CA. Nathaniel.J.Bachman@jpl.nasa.gov.
Introduction:
The Navigation and Ancillary Information Facility
(NAIF) at the Jet Propulsion Laboratory developed the
SPICE System in order to store, retrieve and perform
analysis of data observed by unmanned NASA planetary missions. [1]
The latest version of the SPICE Toolkit (N0066)
includes an implementation of a kernel subsystem
which formerly was available only as a prototype: the
Digital Shape Kernel (DSK).
The DSK subsystem is the component of SPICE
concerned with detailed shape models for extended
objects. These objects typically are solar system bodies
such as planets, dwarf planets, natural satellites, asteroids, and comet nuclei. DSK data can represent the
shapes of such objects, as well as local topography,
such as that in the vicinity of a rover or a tracking station.
DSK data also can represent shapes of artificial objects such as spacecraft components, or represent abstractions such as the subset of a target body's surface
that has a property of interest.
The DSK subsystem comprises software, the DSK
file format specification, and documentation.
The primary purpose of the DSK subsystem is to
enable SPICE-based applications to conveniently and
efficiently use detailed shape data in geometry computations performed by SPICE routines. DSK data enable
these routines to produce more accurate results than
those obtainable using triaxial ellipsoid shape models.
The poster will present an overview of the DSK
subsystem, together with code examples demonstrating
the capabilities of the system.

References:
[1] Acton, C.H. (1996) PSS, 44 No. 1, pp. 65-70.
[2] Acton C.H., Bachman N.J., Semenov B.V., Wright
E.D. PSS (2017), DOI 10.1016/j.pss.2017.02.013.
Additional Information:

The research described in this publication was carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under a contract with the National Aeronautics and Space Administration.
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USING THE PDS PLANETARY IMAGE LOCATOR TOOL (PILOT) TO INVESTIGATE SMALL
BODIES. M. Bailen, R. Sucharski, T. Hare, S. Akins, L. Gaddis. U. S. Geological Survey, Astrogeology
Science Center, 2255 N. Gemini Dr., Flagstaff, AZ, 86001 (mbailen@usgs.gov).
Introduction: The Planetary Image Locator
Tool (PILOT) is a web-based search interface
(http://pilot.wr.usgs.gov) that accesses numerous
NASA Planetary Data System (PDS) image
catalogs [1]. PILOT was developed and is
maintained by the Cartography and Imaging
Sciences (“Imaging”) Node to complement other
node delivery services such as the Planetary Image
Atlas
(http://pds-imaging.jpl.nasa.gov/search/).
Functionality was recently added to PILOT to
access PDS image data catalogs for Dawn Framing
Camera images and metadata for the asteroids
Vesta and Ceres. The Dawn data archives are
managed for PDS by the PDS Small Bodies node.

Figure 1: Screenshot from PILOT showing Map
Tab with Vesta base map and an image footprint.
Background: PILOT (Figure 1) is part of the
online data services suite that USGS provides for
NASA planetary programs [2]. This suite also
includes infrastructure services such as the Unified
Planetary Coordinates (UPC) database [3],
planetary nomenclature [4], and data services such
as map Projection on the Web (POW) [5], Map-aPlanet 2 [6], and the Imaging Node Annex [7]. All
of these services rely on Astrogeology’s powerful
data processing cluster and Integrated Software for

Imagers and Spectrometers (ISIS 3, [8]) to provide
camera models, accurate image geometry and map
projection capabilities. POW allows users to
convert raw PDS images to science-ready, mapprojected products. MAP2 allows global, mapprojected image products to be reprojected,
stretched, clipped and delivered in a variety of
useful image formats. The Annex supports PDS
archiving and delivery of geospatial products
derived from PDS data.
Scientific and Cartographic Advantages of
Using PILOT: PILOT provides numerous
benefits to the planetary scientist or cartographer
seeking imaging data of a small body:
 Metadata: PILOT has direct access to the
metadata accrued and stored in the UPC database
[3] maintained by the Imaging Node. The UPC is
a database containing improved geometric,
photometric, and positional information about
planetary image data, computed using a uniform
coordinate system and projected onto the most
current digital elevation model [9]. These
improvements result in planetary image footprint
accuracies increased by up to 12 km for a given
planet, they enhance the user’s ability to identify
desired images, and they extend beyond those
provided by the PDS. Precise searches can be
performed within PILOT on individual metadata
fields stored in the UPC database. In addition,
PILOT has access to browse images, links to the
raw images, and label information that can help
scientists and cartographers perform further
investigations on the images.
 Completeness: Although all data in the
UPC and PILOT must be supported by an ISIS
camera model that describes detailed instrument
and target geometric behavior during image
acquisition, together these services address ~90%
of the image data for which Imaging node is
responsible to the PDS. PILOT searches all image
data released to the PDS by each mission and
instrument supported. Every image is processed
and “mapped” onto a target body. For images that
cannot be accurately mapped (such as star
calibrations or limb views), the data are still
available and included in PILOT through the
“unmapped” data. When data and coordinate
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pointing are improved, new data are loaded into the
UPC and becomes available to PILOT users.
 Download and Processing Options:
PILOT not only allows users to download select
images either individually or through provided
scripts to pull large sets of images, it also provides
direct access to the POW online mapping tool [5].
POW allows users to prepare the imagery for
analysis by radiometrically calibrating and map
projecting the products using ISIS 3. Using POW,
users need not learn how to use the complex and
sophisticated ISIS 3 software system to support
their science data needs. POW provides users with
science-ready calibrated cartographic images and
map projection and processing to create derived
data products that can be used readily for
applications such as geologic mapping, change
detection, merging of dissimilar instrument
images, analysis in a Geographic Image System
(GIS) and use in a host of other scientific
applications (e.g., ArcMAP, ENVI, Matlab,
JMARS, QGIS, Opticks, etc.). POW users also
benefit from several mission data processing
pipelines in ISIS 3 (e.g., HiRISE, LROC). Finally,
the POW service can be used as a learning tool or
an introduction to ISIS 3 because a detailed log of
the ISIS 3 commands and their settings is provided
along with processed data products.
 Stereo Matching: PILOT contains the
functionality to compute potential stereo pairs [10]
for selected areas of interest on any target body.
Stereo pairs are useful for scientists or
cartographers needing to create a topographic
model to perform such research as slope and
roughness analysis; landing site determination;
wind, water, landslide and lava flow modelling;
orthorectification for cartographic products,
anaglyph creation, simulated 3D flyovers, and
more. PILOT simplifies the task of finding stereo
pairs by allowing real-time culling of stereo
matches and visualizing the areas of interest on
actual base maps.
Accessing Dawn FC Data: To access Dawn
Framing Camera image data through PILOT, find
the “Small Bodies” subheading on the home page
and select the body you wish to investigate
(example: Vesta). Once the target is selected,
PILOT switches to the mission select panel,
allowing you to choose the mapped or unmapped
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data from the Dawn mission. Choose the mapped
data and then use the Map tab (Figure 1) or
Advanced tab to limit your search. Results are
presented on the right panel in PILOT (Figure 2).
Users can view the thumbnail images, view the
PDS image label or an enhanced label, then select
and download single or multiple image collections.
For more information on PILOT and other
USGS Astrogeology online tools and services,
visit the Frequently Asked Questions data (see
https://pilot.wr.usgs.gov/index.php?view=faq) or
submit a question at the contact center
(https://astrogeology.usgs.gov/contact).
Acknowledgements: PILOT is supported by
the NASA/USGS PDS Imaging and Cartography
Node and the USGS Astrogeology Science Center.

Figure 2: PILOT screenshot showing right panel
for browsing Dawn FC images within the footprint
designated in Figure 1.
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STATUS REPORT ON CRATER DATABASES FOR MERCURY, THE MOON, MARS, AND
GANYMEDE. N. G. Barlow, Dept. Physics and Astronomy, Northern Arizona University, Flagstaff, AZ 860116010. Nadine.Barlow@nau.edu.

Introduction: Databases of impact craters on different solar system bodies are utilized in numerous
studies to investigate age relationships, geologic and
climate histories, impactor populations across the solar
system, and general comparisons between different
objects. As part of several large-scale studies of ejecta
and interior morphologies of impact craters, my research group has been compiling global crater databases for craters ≥5-km-diameter on Mercury, the
Moon, Mars, and Ganymede. All of these datasets are
nearing completion and complement/enhance existing
crater catalogs produced by others. Here I describe the
current status of each database.
Mercury Crater Database: The MESSENGER
Mercury Dual Imaging System (MDIS) global mosaic
(250 m/pixel resolution) [1] was used to identify and
classify all craters ≥5-km-diameter [2]. JMars [3] was
used to measure crater diameters using the three-point
setup. The resulting catalog contains 21,099 craters.
The catalog includes latitude and longitude of the
crater center and the crater diameter. Craters with central peaks included measurement of the basal diameter
of the peak and computation of the ratio of the peak
diameter to crater diameter (Dpk/Dc). Peak ring basins,
proto-basins, and central pit craters included measurement of the diameter of the ring or pit and computation
of the resulting ring or pit diameter to crater diameter
ratio (Dr/Dc or Dp/Dc). To date, only central peak, peak
ring, proto-basin, and central pit features have been
classified. Classification of ejecta morphology, other
interior features, underlying geologic unit, and preservational state remain to be completed.
Lunar Crater Database: The Lunar Reconnaissance Orbiter (LRO) Wide Angle Camera (WAC)
global mosaic (100 m/pixel) [4] was used with JMars
to measure the diameters of 30,123 lunar craters ≥5km-diameter. Latitude, longitude, and diameter of all
craters are cataloged. Classification of ejecta and interior morphologies, underlying geologic unit, and
preservational state are approximately 40% complete.
As with Mercury, diameters of central peaks, peak
rings, proto-basins, and central pits will be measured
and the corresponding Dpk/Dc, Dr/Dc, and Dp/Dc values
will be computed.
Martian Crater Database: The Mars Odyssey
Thermal Emission Imaging Spectrometer (THEMIS)
daytime infrared global mosaic (100 m/pixel) is being

used to identify all craters ≥5-km-diameter on Mars.
Measurements are made using an ArcGIS program
specifically designed for this project by Trent Hare of
the USGS. THEMIS daytime IR and visible (VIS; 18
m/px) [5] are used to classify ejecta and interior morphologies and assign a numeric value (0.0 to 7.0) characterizing the crater’s preservation state [6]. The catalog currently contains location, diameter, ejecta, and
interior information on 26,073 craters ≥5-km-diameter
across the entire northern hemisphere and in the 0°30°S zone between longitudes 0°-135°E and 180°360°E (i.e., covering the Viking quadrangles MC0122). We estimate the database is approximately 62%
complete. We have compared diameter measurements
and ejecta and preservation classifications between this
database and the Robbins catalog [7] for a test area
(25°-75°N, 0°-180°E)—while diameters are generally
within 10% of each other, there is considerable discrepancy between ejecta classifications (disagree on
60%) and preservation classification between the two
datasets [8].
Ganymede Crater Database: The Ganymede
crater database was compiled from the global mosaic
using the best images from the Galileo Solid State Imager and Voyager Imaging Science Subsystem (ISS)
(400 to 20 m/pixel) [9]. The database containes 5441
craters ≥5-km-diameter in the ±60° latitude range [10].
Crater location, diameter, ejecta morphology, interior
morphology, and general albedo (bright, dark, intermediate) are included in the catalog. Central pit diameters
and Dp/Dc ratios also are included. The data are undergoing a final check, central peak diameters are being
measured, and geologic units are being added.
Distribution and Archiving Plans: Current versions of the crater databases are available to planetary
researchers upon request to the author. Upon completion of the databases, Excel and ArcGIS shapefile versions will be archived through the USGS’s PDS Annex
[11], Northern Arizona University’s Institutional Repository, and the author’s website.
Acknowledgements: Compilation of the crater databases has been supported by the following NASA
grants to the author: Outer Planets Research Program
award #NNG05G116G, Mars Data Analysis Program
awards
#NAG5-12510,
NNX08AL11G,
and
NNX12AJ31G, and Planetary Geology and Geophysics
Program award #NNX14AN27G.
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A NEW APPROACH TO CREATE IMAGE CONTROL NETWORKS IN ISIS. K. J. Becker, K. L. Berry, J.
A. Maple, J. C. Walldren , U. S. Geological Survey, 2255 N. Gemini Dr., Flagstaff, AZ (kbecker@usgs.gov)

Introduction: A global digital elevation model
(DEM) [1] and monochrome basemap [2] of Mercury
were created using a least-squared bundle adjustment
[3] technique that corrects errors in image pointing attitude and solves for local radius at each control point.
New methods were used to create a feature-based control point network that contains 94.75 million measures
from 100,432 overlapping image observations covering
the entire surface of Mercury. This effort required the
development of new tools in the Integrated Software for
Imagers and Spectrometers (ISIS3) [4] system to address the complexities encountered in processing very
large image datasets with varying illumination and geometric conditions.
These tools utilize specialized image and data processing techniques, some available in open source libraries, and compute cluster environments to increase
the quality and efficiency in the generation of cartographic and topographic products. The new applications
were made available in the ISIS 3.4.13 public release.
Objectives: The goals of this new approach are to:
1) significantly improve the image tie point measurement accuracy, 2) increase control point density, 3) reduce both human and computer resources required for
producing and processing large control point networks,
4) efficiently identify and add new images to existing
networks, and 5) create interpolated DEMs directly
from bundle-adjusted control networks. Creating a
DEM and a geometrically controlled basemap share
common objectives, but creating a DEM from interpolation has one additional unique requirement: very high
control point density.
Creation of the image control point network requires
the most effort in the process of producing high quality
controlled map products. For large datasets, the challenges are significant. Established techniques in ISIS3
[5] are adequate when the dataset is small to modest,
however as the dataset increases in size, productivity
and quality are quickly diminished. Therefore, a reliable
and efficient process must be applied to ensure a complete and high quality network.
Image Matching: We developed a feature-based
matching (FBM) application called findfeatures using
the OpenCV 3.1 [6] open source library. The advantages
of findfeatures are: 1) the matching is feature-based
(FBM) rather than area-based (ABM), 2) users can select and interchange all OpenCV algorithms to detect,
extract and match features, 3) all OpenCV algorithms
can be customized though user-specified parameteriza-

tion, 4) accurate a priori pointing information is not required, 5) OpenCV algorithms are threaded in the library and therefore available at the application level,
and 6) a set of robust outlier detection algorithms were
developed to identify and remove false positives, which
is new to image matching in ISIS3.
Feature Detection: Matching features in common
regions of overlapping images using FBM algorithms
increase the accuracy and quality of the network. However, one must consider the use of scale and rotation invariant detectors, such as SIFT [7], if the a priori pointing data is unavailable or inaccurate. Otherwise, algorithms that assume spatial consistency, such as FAST
[8], can be used with excellent results. findfeatures provides the ability to use the SPICE information in ISIS3
to quickly project images with perspective transforms to
support the use of both basic types of OpenCV detector
algorithms. We found the FAST detector algorithm is
effective in producing a high density of features in many
remotely sensed images.
Feature extraction: Once features are detected, a description of the feature, called a keypoint descriptor, is
extracted using algorithms that characterizes the feature
in various forms. For example, the SIFT algorithm essentially computes the distribution of gradient magnitudes and orientation from pixels around the feature.
Matching Features: These descriptors are used in final matching steps to identify potential common features. OpenCV provides several matching algorithms
that are intended for use with specific types of descriptors. findfeatures will select an appropriate matcher
algorithm, such as BruteForce or FlannBased, contingent upon the type of descriptor if one is not explicitly
specified. Note that this does not always guarantee a
valid match, resulting in false positives, or outliers.
These false matches must be removed prior to bundle
adjustment through specialized techniques.
Robust Outlier Detection: Outlier detection is the final step that ultimately improves the quality and integrity of the control point network. findfeatures implements a five-step outlier detection process for each set
of matching image pairs. At each step, matches are rejected allowing only those surviving to be passed on for
bundle adjustment.
First, a ratio test comparing the best and second best
matched feature for each point in an image match pair
removes points that are not distinct. Second, matched
feature points are checked for symmetry. If a matched
point in one image does not correspond to the same
point in the other, the point is removed. Third, the
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homography matrix (a spatial projection from one image's perspective into the other) of the first image to the
other is computed using the RANSAC algorithm removing high residual matches. Fourth, the fundamental matrix (which represents the stereo relationship) between
the first and second image is computed using the
RANSAC algorithm. Feature points that exceed the
specified tolerance using the RANSAC algorithm are
removed. A final homography matrix is recomputed
from the results of the previous steps and matches with
a high residual are removed.
This robust outlier detection process is an important
new technique that provides a higher quality network
prior to the bundle adjustment.
Resource and Data Management: Fundamental
image preparation for control work in ISIS3 is common
processing that includes ingestion, optional radiometric
calibration, and application of NAIF SPICE [9] ephemeris kernels (spiceinit) to prepare them for geometric
and observation classification.
Data Mining: A new general-purpose application
called isisminer was developed providing many of the
capabilities of a GIS-enabled database as well as extended capabilities. This application reads from many
data sources such as databases, comma-separated values
(CSV), parameter-valued languages (PVL) and ISIS
cube (labels and GIS footprints) files.
GIS-enabled SQLite databases can be created using
isisminer processing features that stores image statistics
(camstats) and GIS surface footprints (footprintinit).
SQL queries can be applied in the database to identify
images in certain geographic areas and constrain observation properties.
Scripting: isisminer has the ability to run UNIX
shell commands and applications, including other ISIS3
programs. This feature combines mining with immediate processing of the query results in a single run of isisminer. Data is read from the GIS overlap CSV files and
geometric and observational constraints are applied in
isisminer prior to running findfeatures, creating imagebased control networks. This approach allows isisminer
scripts to be designed that focuses on custom imagebased processing techniques that are well suited for dispatch to cluster environments.
Combining networks: An application called cnetcombinept was developed to combine these small image
networks into a large single global network. This application uses kd-trees [10] to efficiently organize and
search for common image measurements (coordinates)
in close proximity control points and combine them
based upon difference statistics. This approach minimizes the size of the final network, while retaining density, by transferring unique measures from multiple
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common feature points into a single found in all overlapping image-based networks. This adds depth of all
images containing the same feature (i.e., image
measures to points) thus increasing the integrity of the
network.
DEM Generation: To produce a DEM from the bundle adjusted images, jigswaw must be set to solve for
radius. This computes a local radius value at each control point in the output network which can then be used
to interpolate a DEM. The density of the control points
determines the scale of the resulting DEM. The new application, cnet2dem, was developed to construct a kdtree of the adjusted latitude and longitude in body-fixed
X,Y,Z form and create an ISIS DEM cube in a user
specified cartographic map projection. Several algorithms are provided to choose from as well as statistics
at each output map point to evaluate the resulting topographic map values and integrity.
Threading: Most all of the OpenCV algorithms are
threaded for efficient use of compute resources. findfeatures provides user controls over the number of CPUs
that can be utilized to execute the feature matching algorithms to better utilize processing environments.
Managing Point Density: The findfeatures application is designed to create dense control networks. Control network density can be minimized while maintaining adequate coverage of the control point distribution
between image overlaps for purposes of controlling images to create a mosaic. For these cases, cnetthinner was
developed to greatly reduce the density while preserving
integrity (image point depth) and point distribution.
Future Work: Improvement to isisminer and findfeatures are planned. findfeatures needs enhancements
to better process large image sizes. It is currently well
suited for small to modest size framing instruments, but
many of the new instruments produce much larger images in pixel dimensions. Testing of small body datasets
as well as data from other instrument types will also be
investigated. We will investigate adding threaded processing to isisminer to increase efficiency and reduce
processing time.
References:
[1]
https://pds.jpl.nasa.gov/dsview/pds/viewDataset.jsp?dsid=MESS-H-MDIS-5DEM-ELEVATION-V1.0. [2] https://pds.nasa.gov/dsview/pds/viewProfile.jsp?dsid=MESS-H-MDIS-5RDR-BDR-V1.0. [3] Edmundson, et al. (2011) GSA
Abst. with Program, 43, paper 100-6, p. 267. [4] Anderson, et al., (2004) LPS, 35, abstract 2039. [5] Garcia, et
al. (2015) LPS, 46, abstract #2782. [6] Bradski (2000)
Dr. Dobb’s Journal of Software Tools, drdobbs.com.[7]
Lowe, (2004) Inter. Journal of Comp. Vision, 60, 2, 91110. [8] Rosten, et al., (2006) Comp. Vision–ECCV,
430-443. [9] Acton, (1966) Planet. Space Sci. 44, 6570. [10] https://github.com/jlblancoc/nanoflann
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GEOLOGIC MAP OF THE SOURCE REGION OF SHALBATANA VALLIS, MARS. Daniel C. Berman,
Catherine M. Weitz, J. Alexis Palmero Rodriguez, and David A. Crown, Planetary Science Institute, 1700 E. Ft.
Lowell Rd., Suite 106, Tucson, AZ 85719; bermandc@psi.edu.
Introduction: We are currently producing a
1:500,000-scale USGS geologic map of MTM
quadrangles 00042 and 00047 in the Xanthe Terra
region of Mars (2.5°S - 2.5°N, 310° - 320°E) (Fig. 1).
The map region has been extensively modified by
outflow channels and chaotic terrains and contains
cratered plains deformed by subsidence [e.g., 1]. The
overarching goal of this project is to develop an
understanding of how regionally integrated hydrologic
systems have been affected by (1) impact crater
formation, (2) melting of subsurface ice leading to the
generation of subsurface cavity space and then
subsidence, and (3) erosional and depositional flooding
events of various types and ages.
Mapping results: Geologic mapping is being
conducted on a THEMIS IR daytime base mosaic, with
CTX and HiRISE images as supplements where
available. Provisional geologic unit contacts and linear
features have been drawn and preliminary units have
been defined (Fig. 1). Units include two plains units,
crater, vallis, and chaos units (see Fig. 1 legend for
complete list). The boundaries of the plains units are
similar to those of Npl1 and Npl2 in [2]. The plains
units are relatively smooth to mottled in appearance
and are disrupted by secondary crater chains and
wrinkle ridges. The ejecta blanket of Orson Welles
crater has been mantled and subdued by aeolian
materials. Landslide materials cover the crater’s
retreating walls, and chaotic terrain dominates its floor.
Many of the crater and vallis units are characterized
by collapse and retreat. Shalbatana and Ravi Valles are
characterized by smooth and chaotic floor units.
Mapped linear features include crater rims,
volcanic and fluvial channels, grooves, grabens, ridges,
troughs, pit-crater chains, faults, and scarp crests. We
have also mapped surface features such as dark ejecta
and secondary crater chains. All craters greater than 5
km in diameter have been mapped.
Geomorphic mapping of chaotic and subsided
terrains is proceeding, along with related extensional
faults south of Orson Welles crater, showing a zone of
subsurface evacuation reaching to Ganges Chasma.
Interpretations: Orson Welles crater contains
chaos materials types 1 and 2, smooth floor material,
dune material, landslide material, and deformed
material, with talus material along the walls. Chaos
material 2 and smooth floor material continue into the
upper reaches of Shalbatana Vallis. Mapping reveals
the sequence of events. Following impact, the crater
was filled with ice-rich material similar to other filled

craters in the map area. Melting of the ice led to the
collapse of the infill material, resulting in chaos
material 1 [e.g., 3]. The remaining infill material was
swept away during resulting flooding and outflow,
carving out Shalbatana Vallis and leaving behind chaos
material 2 and smooth floor material. Subsequent
collapse and retreat of the crater walls led to talus
deposits on the walls and landslides. Some of the
blocks on the floor of chaos material 2 may also be
from wall collapse. Dune material was the last to form.
Flooding in Ravi Vallis inundated highland
surfaces above the margins of its grooved floor, where
the floods deposited widespread smooth deposits,
locally marked by small-scale streamlined landforms.
These smooth floors flank the lower scoured sections
and their origin might be related to earlier floods that
were not topographically constrained within a channel
and thus spread (and thinned out) over the intercrater
plains, thereby rapidly losing velocity. This scenario
indicates a possible transition from non-catastrophic
floods (depositional) to catastrophic (erosional) floods.
Aromantum Chaos forms the source area of both a
lava flow and an outflow channel. Episodic volcanic
activity in the region could have provided high
geothermal conditions conducive to groundwater
outburst leading to catastrophic flooding [4].
Light-toned deposits: Light-toned deposits are
observed in several locations on the floors of subsided
terrain (smooth floor material and chaos material 2)
and craters. CRISM analyses of these deposits show
evidence for Fe/Mg-smectites and hydrated silica.
Light-toned Fe/Mg-smectite deposits are also observed
along the upper wall of one of the craters, indicating
the deposits predate the impact. These results are
consistent with melting of subsurface ice lenses, with
water interacting with and altering subsurface layers to
form smectites, which are later exposed due to either
impact crater formation or subsidence and collapse.
Conclusions: Geologic mapping, combined with
geomorphic and spectral analyses, show that
subsurface ice in this region melted, leading to
evacuation, collapse, and flooding, leaving behind
cavities that have caused further deformation and
collapse of surface units.
References: [1] K.L. Tanaka et al. (2014) USGS
SIM-3292. [2] S. Rotto and K.L. Tanaka (1995) USGS
SIM I-2441. [3] J.A.P. Rodriguez et al. (2015) Nature
Scientific Reports, 5, 13404. [4] D.C. Berman et al.
(2016) LPSC 47, #2674.
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Figure 1. Preliminary geologic map of MTM Quadrangles 00042 and 00047 at 1:500,000 scale. THEMIS IR daytime base.
Transverse Mercator projection.
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From SPICE to map-projection, the Planetary Science Archive approach to enhance visibility and usability of
ESA’s space science data. S. Besse1, C. Vallat1, B. Geiger1, B. Grieger1, M. Costa1, I. Barbarisi1, ESA/ESAC
Camino Bajo del Castillo s/n, Ur. Villafranca del Castillo, 28692 Villanueva de la Canada, Madrid, Spain,
sbessse@sciops.esa.int
Introduction: The Planetary Science Archive
(PSA) is the European Space Agency’s (ESA) repository of science data from all planetary science and exploration missions. The PSA provides access to scientific datasets through various interfaces at
http://psa.esa.int [1]. All datasets are scientifically
peer-reviewed by independent scientists, and are compliant with the Planetary Data System (PDS) standards.
The PSA is currently implementing a number of significant improvements [2], mostly driven by the evolution
of the PDS standard, and the growing need for better
interfaces and advanced applications to support science
exploitation.
One of the most important evolutions is the need for
better visualisation of observations with mapprojections within a controlled coordinate system.
From SPICE to Projection: As recently presented [3], the usual approach for projection of observations on a surface is to follow the model
SPICE!Camera!Projection.
SPICE provides valuable information about spacecraft trajectory (SPK), spacecraft pointing (CK), and
also information on the instruments (IK, FK) and targets (PCK, DSK). The PSA approach is to make use of
the SPICE SPK and CK kernels to define the position
and orientation of an instrument at a given time in
space. This relies on a rigorous approach of defining
and maintaining kernels of past and current missions,
following the recommendations from NAIF [4]. PSA
with the collaboration of the ESA SPICE Service is
currently assessing/improving the status of the kernels
of critical missions (i.e., Rosetta, MEX, EM16) [5] for
the projection of observations on the surface of planets
and small bodies.
Instrument and Frame Kernels (IK,FK) provides
the necessary information for defining an instrument
model (e.g., camera model) to allow projections on the
surface. Typical values correspond to the pixel size,
apparent Field of View (FOV), focal length, reference
frames, etc. Given that the PSA is relying on those
kernels to define camera models, an update and review
of them is currently on going to assess the missing
information. Initial inspection has shown that the Rosetta IK and FK are in a very good shape to realize
projections of observations on the shape model.
Map projection is the ultimate step of this process,
it projects at the right location on the object the observation that has been done, usually by a remote sensing

instrument. To allow projection on the surface, one
will need accurate definition of the reference frame of
the target together with a shape model (e.g., DSK).
PSA development: The PSA aims at providing to
the science community a tool that will allow 2 kinds of
queries:
1- An observation could be searched by criteria such
as start-time, instrument, and illumination conditions. The User Interface (UI) of the PSA will return a list of observations that match the criteria
and will enable projection on the surface of the
object for visualization.
2A user will be able to select a region on the surface of the target and make a query of all observations covering the selected region (additional
filters, such as the one mentioned above, could
also be included to refine the search). The UI will
return a list of observations that could be projected on the surface of the object.
67P/Churyumov-Gerasimenko: Current development
is focused on a tool that will allow projections of remote sensing instruments field of views from the Rosetta instruments onto the comet 67P/C-G. Given the
complex shape of small bodies, existing 2D mapping
projections will not be optimial so that a 3D mapping
needs to be implemented. This implies the use of non
traditional GIS-tools.
Mars: Parallel development is done for the planet
Mars given that ESA’s planetary missions in operation
(Mars Express and ExoMars 2016) are both in orbit
around the red planet. The UI providing the mechanism of search and display for instrument of Mars Express and ExoMars will be following traditional GIStools often used by the community.
PSA current development is aiming at providing these
functionalities before the summer 2018. The PSA will
provide search functionalities for instruments for
which kernels and geometrical information is reliable
and available, as the PSA does not have the resources
to create the missing information.
References: [1] Besse, S. et al., (2017) Planetary
and Space Science (submitted); [2] Macfarlane, A. et
al., (2017) Planetary and Space Science (submitted).
[3] Hare, T. et al, (2017) LPSC; [4] Acton, C. et al.,
(2017) Planetary and Space Science (submitted); [5]
Costa, M. et al., (2017) this conference.
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ASSESSING THE VARIABILITY AND RELATIVE ACCURACY OF DIGITAL TERRAIN MODELS OF
EUROPA. M. T. Bland1, R. L. Fergason1, D. Galuszka1, D. P. Mayer1, R. A. Beyer2, R. L. Kirk1, C. B. Phillips3,
and P. M. Schenk4. 1U. S. Geological Survey, Astrogeology Science Center (mbland@usgs.gov), 2The SETI Institute, 3Jet Propulsion Laboratory, 4Lunar and Planetary Institute.

Motivation and Approach: Evaluating the threedimensional characteristics of surfaces in the outer
solar system has been vital to unravelling their geologic history. On Europa, topographic information (from
either stereogrammetry or photoclinometry) has been
critical to evaluating the formation of bands and ridges
[1, 2, 3], chaos [4, 5], dark spots (maculae) [6], and
pits and uplifts [7]. Additionally, it has been used to
constrain the thickness of the elastic lithosphere [8, 9],
test for true polar wander [10, 11] and lateral variations in ice shell thickness [12], and determine the
properties of the ice shell [13]. However, such topographic information must be used cautiously. In the
inner solar system, laser altimeter or radar data often
provides robust surface heights, and permits digital
terrain models (DTMs) generated from image data to
be confidently tied to ground [e.g., 14]. In the outer
solar system, however, altimeter data generally does
not exist, imaging data sets are limited (resulting in
non-ideal stereo pairs), and image resolution is typically several orders of magnitude coarser than image data
from the Mars High Resolution Imaging Science Experiment (HiRISE) or Context Camera (CTX) images.
DTMs produced for bodies in the outer solar system
therefore have greater degrees of uncertainty both in
absolute and relative height determination.
Here we describe an analysis of DTMs of Europa
that will provide crucial insight into to the relative
uncertainty (often much greater than the formal error)
associated with such DTMs. To do so, we are deriving
DTMs of Europa from Galileo data using the stereogrammetric software SOCET SET® [15] and Ames
Stereo Pipeline (ASP) [16, 17]. These DTMs are assessed for quality, and then compared to each other to
determine the degree of variability between DTMs
produced from the same data, but from different techniques. Additionally, our newly generated DTMs will
be compared to existing DTMs provided by our collaborators. We emphasize that our goal is not to determine which DTMs are “correct” or “better.” Rather
we are assessing the degree of variability in DTMs
produced from challenging data sets that cannot be tied
to an independently derived reference “ground.”
To date we have completed four DTMs for Europa
using SOCET SET®: two for the crater Pwyll (Fig. 1),
one for the crater Cilix, and one for Agenor Linea. A
SOCET SET® DTM of Conamara Chaos, and ASP
DTMs of each location are currently in progress.

A Preliminary Case Study: We began our investigation by qualitatively assessing the variability between two DTMs that were both created using SOCET
SET®, but with different methodologies: one using a
dependent relative solution, and the other using an
independent relative solution. In the former, the nadir
most image (based on reconstructed SPICE) is held
fixed, whereas in the latter all images are adjusted independently. Both solutions are “relative” in that they
are not tied to a reference ground.

Figure 1: Top) Orthoimage of Europa’s Pwyll crater
at 125 m/pixel. The black band across the image is due
to data loss during transmission. Bottom) DTM of
Pwyll produced from two images at 245 m/pixel and
one at 125 m/pixel. The DTM has a resolution of 750
m/pixel. White regions are high, dark regions are low
(total relief of 2.7 km). Shown is the independent relative solution (see text).
The independent relative solution is shown in Fig 1
for Europa’s Pwyll crater. Comparison of the DTM to
the associated orthoimage suggests good agreement
between the derived relative topography (at 750
m/pixel) and the image itself (at 125 m/pixel). Both the
rim and central peak of the crater are clearly visible in
the DTM, including the morphological complexity of
the crater structures. Additionally, a prominent double
ridge is visible in the topography (far right), as is a
high-standing, tabular feature and associated northsouth trending ridge at left. Interestingly, the DTM has
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Figure 2: Difference map for the independent and dependent relative solutions (Independent-Dependent).
Differences in the crater rim and central peak are typically ~150 m or less.

Preliminary Conclusion: Our preliminary investigation has shown that even two DTMs produced with
the same imaging data and the same software show
substantial variability in derived topography. In the
case of Europa’s Pwyll crater, relative topography
cannot be known to better than ~100 m. Given that the
imaging data used here is typical of Europa, care must
be used when interpreting small-scale features on Europa.
Future Direction: We will soon expand our analysis to compare DTMs generated using SOCET SET®
to those generated using ASP and a third hybrid stereo/photoclinometry method [4,5,6,7,10,11]. Additionally, we will compare DTMs produced by different
analysts with different experience levels. This analysis
will better characterize the uncertainties involved in
utilizing DTMs produced from low-resolution data
without a ground for science and mission planning.
The work will result in a “best practices” for producing DTMs from such data.

meters

a regional tilt (downward to the bottom right), which is
seen in both the independent and dependent solutions.
We have not yet determined if this slope is real – doing so may not be possible without ground information.
Detailed comparison of the two SOCET SET®derived DTMs of Pwyll provides a starting point for
assessing the variability inherent in DTMs of Europa.
In a statistical sense, the two DTMs are very similar.
The dependent and independent solutions have elevation means of -53 m and -53 m, medians of 16 m and
13 m, standard deviations of 578 m and 546 m, total
relief of 2833 m and 2687 m, and skew of -0.36 and 0.36, respectively. However, the statistical similarity
belies important differences between the two. Figure 2
shows a difference map (independent minus dependent) for the two DTMs. Substantial differences in rim
and central peak height are clearly evident, as are more
modest differences in the (possibly artificial) regional
slope. The prominent double ridge also clearly stands
out. Differences are generally less than 150 m, although maximum differences are  300 m. This maximum difference is an order of magnitude more than the
expected vertical precision (EP) based on the image
resolution and stereo geometry (here ~23 m).
Figure 3 shows the how the variability in the
DTMs affects a measurement of potential scientific
interest: the central peak height. The two topographic
profiles shown (one each from the independent and
dependent DTM) were each extracted along the same
transect. The profile from the independent DTM yields
an average central peak height of 574 m, whereas the
profile from the dependent DTM solution yields 487
m, a difference of 87 m. In this case the difference in
central peak height is 4x greater than the formal EP.
Rim heights are more similar, but even these vary by
~50 m. Such variability may result from differences in
post locations (e.g., posts missed the highest point) or
the refined image positions used in the independent
solution.

7094.pdf

400

‐100

0

10000

20000

30000

40000

meters

Figure 3: Comparison of the crater topography derived from each DTM. Red and black curves are the
independent and dependent relative solution from
SOCET SET®, respectively. The independent solution
yields a central peak height ~100 m greater than the
dependent solution: an uncertainty of ~20%.
References: [1] Nimmo, F. et al. 2003a, Icarus
166, 21-23. [2] Coulter, C. E. et al. 2009, LPSC 40
#1960. [3] Prockter, L. M. and Patterson, W. G. 2009,
In: Europa. U. of Arizona Press, pp. 237-258.
[4] Schenk, P. M. and Pappalardo, R. T. 2004, GRL
36, L16202. [5] Schmidt, B. E. et al. 2011, Nature
479, 502-505. [6] Prockter, L. M. and Schenk, P. M.
2005, Icarus 177, 305-326. [7] Singer, K. N. et al.
2010, LPSC 41 #2195. [8] Nimmo, F. et al. 2003b,
GRL 30, 1233. [9] Hurford, T. et al. 2005, Icarus 177,
280-296. [10] Schenk, P. M. et al. 2008, Nature 453,
368-371. [11] Schenk, P. M. and McKinnon, W. B.
2015, LPSC 46 #1526. [12] Nimmo, F. et al. 2007,
Icarus 191, 183-192. [13] Nimmo, F. and Schenk, P.
M. 2006, J. Struct. Geo. 28, 2194-2203. [14] Beyer, R.
A. Geomorphology 240, 137-145. [15] Kirk, R. L. et
al. 2009, LPSC 40 #1414. [16] Broxton, M, J. and Edwards, L. J. 2008, LPSC 39 #2410. [17] Moratto, Z.
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MAPPING AND PRELIMINARY ANALYSIS OF WRINKLE RIDGES IN THE AEOLIS DORSA
REGION, MARS. R. M. Borden1 and D. M. Burr1, 1University of Tennessee, Knoxville, TN USA 37996
(rborden4@vols.utk.edu and dburr1@utk.edu).
Introduction: The Aeolis Dorsa (AD) region of
Mars is a sedimentary basin located just north of the
highland-lowland boundary. This region shows evidence of tectonic deformation, including several wrinkle ridges that have been documented in this area (Figure 1) [1]. For this project, we are mapping wrinkle
ridges and using their morphology and orientations to
infer the contractional tectonic history of the AD region.

Zephyria
Planum

Figure 1: Currently mapped wrinkle ridges in the Aeolis Dorsa
mapping area, with context map. Figure background is MOLA
topography over CTX mosaic. Colored lines denote wrinkle
rigde certainty categories: red denotes certain, blue denotes
probable, and yellow denotes possible (see Table 1).

Background: The Aeolis Dorsa region consists of
a basin located between two plana: Aeolis Planum on
the west and Zephyria Planum on the east (Figure 1).
Multiple geologic processes have occurred in the region, as evidenced by fluvial, volcanic, aeolian and
tectonic landforms [1-4].
Wrinkle ridges are found on other terrestrial planetary bodies, including Mercury, Earth, the Moon, and
Mars [5,6]. They generally consist of three main geomorphologic parts: a low underlying topographic rise,
a broad arch, and a narrower crenulated ridge (the
“wrinkle”) on top [7]. They are usually asymmetric in
their transverse profile. Wrinkle ridges can also have
en echelon segments, consisting of several segments
that are parallel and offset (Figure 2). These segments
are interpreted as being caused by a rotation of the
stress field during wrinkle ridge formation [8].

The currently accepted interpretation of wrinkle
ridges is that they are formed as fault-related folds by
slip along blind thrust faults [9]. Based on this interpretation, it is possible to use wrinkle ridges to find the
amount of shortening and directions of the strain axes
at the time of ridge formation. Subtracting the straightline length of a transverse topographic profile across a
ridge from the integrated length of the same profile
will give the amount of shortening across the ridge
[10]. The geographic orientation of a ridge can be taken as perpendicular to the direction of greatest compression, and thus the directions of the other stress
axes can be derived [11]. This information derived
from wrinkle ridges can provide data for understanding
the stress field that led to their formation.
Hypothesis: Based on preliminary observations of
wrinkle ridges in Aeolis Dorsa (Figure 1) [1] and current theories on their formation in the literature, the
following hypotheses will be used for this work:
Null hypothesis: The Aeolis Dorsa region underwent contraction that was the same throughout the region (regional control on the stress direction). The evidence for this hypothesis would be wrinkle ridges with
a single strong preferred orientation or with a pattern
of orientations consistent with a single geographic location as the origin of deformation.
Alternate hypothesis: The Aeolis Dorsa region underwent contraction that was more localized (not controlled at the regional level). The evidence for this hypothesis would be ridges across AD without a preferred orientation and/or with random orientations.
Data and Methods: For this project, wrinkle
ridges in the Aeolis Dorsa region are being mapped
using a mosaic of images from the Context Camera
(CTX) [12], which have a resolution of ~6 m/pixel.
The CTX image mosaic is overlain by Mars Orbiter
Laser Altimeter (MOLA) [13] data to get elevations
for the mapped features. Mapping will be completed at
1:100,000 scale. In addition to wrinkle ridges, this region also contains several other types of ridge features:
sinuous ridges interpreted as inverted fluvial deposits
[2 and references therein], yardangs from Aeolian erosion [3], and dunes from Aeolian deposition [4 and

Table 1: Criteria for mapping wrinkle ridges.
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references therein]. Because of the abundance of other
ridges in the AD region, we are using several criteria,
based on the literature on wrinkle ridges, to provide
levels of certainty in our mapping (Table 1). For example, their asymmetry helps to distinguish them from
other types of ridges in the AD mapping area, which
do not show asymmetry [2].
Along with the mapping, we will collect data on
ridge locations, orientations, and lengths. We will also
use stereo pair CTX images to make Digital Elevation
Models (DEMs) using Ames Stereo Pipeline software
[14]. From these DEMs, we will take topographic profiles in at least 30 places along each ridge so as to have
a robust data set for statistical analysis. If stereo pair
CTX images are not available for a wrinkle ridge, alternative methods of obtaining topographic data will be
used, such as photoclinometry (also known as shapefrom-shading) [15].
Analyses. Once the data collection is complete,
they will be analyzed in several ways. First, the orientations of all of the wrinkle ridges will be made into
rose diagrams. These rose diagrams will be analyzed to
determine if there is a preferred orientation of the
wrinkle ridges. A clustering analysis of the locations of
the wrinkle ridges will be completed using a nearestneighbor analysis tool in ArcGIS or Excel [16,17].
This analysis will be used to determine if the locations
are random or if there is a pattern to the distribution of
wrinkle ridges. The topographic profiles will be used
to find the amount of shortening due to folding by subtracting the straight-line width of each ridge (current
width) from the integrated length of the transverse profile across the ridge (original width). The strain will be
found by dividing the shortening by the original width
[18].
Preliminary Results and Future Work: About
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1/2 of the study area has been mapped so far, with 23
wrinkle ridges that have been identified: 5 certain, 10
probable, and 8 possible (Figure 1). Once mapping and
data collection are complete, the analysis of wrinkle
ridge orientations will be done to determine if there is
a preferred orientation or orientations. The topographic
profiles will be used to calculate shortening and strain,
and those results will be used to explore displacementlength relationships [19]. The clustering analysis will
also be done after mapping is complete. The results of
this work will have implications for understanding
contractional deformation in this sedimentary basin
along the highland-lowland boundary on Mars.
References: [1] Kite E. S. et al. (2015) Icarus, 253,
223-242. [2] Jacobsen R. E. and Burr D. M., Geosphere, in revision. [3] Ward A. W. (1979) JGR,
84(B14), 8147-8166. [4] Boyd A. S. and Burr D. M
(2016) Planetary Mappers Meeting, Flagstaff, AZ. [5]
Watters T. R. (1988) JGR, 93, 10236-10234. [6] Plescia J. B. and Golombek M. P. (1986) GSA Bulletin,
97, 1289-1299. [7] Lucchitta B. K. (1977) Proceedings
of LSC, 2691-2703. [8] Smart K. J. et. al. (2006) LPSC
37, #1966. [9] Mueller K. and Golombek M. P. (2004)
Ann. Rev. of EPS, 32, 435-464. [10] Golombek M. P.
et. al. (1991) Proceedings of LPSC 21, 679-693. [11]
Anderson E. M. (1951) The Dynamics of Faulting. [12]
Malin M. C. et al. (2007), JGR, 112, E05S04. [13]
Smith D. E. et al. (2001) JGR, 106, 23689-23722. [14]
Moratto Z. M. (2010) LPS XLI, Abstract #2364. [15]
Shean D. E. et. al. (2016) ISPRS J. Photogrammetry
and Remote Sensing. [16] Davis J. C. (1973) Stats. &
Data Analysis in Geol. [17] Ebdon D. (1985) Stats. in
Geog., 2nd Ed. [18] Fossen H. (2012) Structural
Geology. [19] Schultz R. A. et. al. (2006) Journal of
Structural Geology, 28, 2182-2193.

Figure 2: Examples of wrinkle ridges for each of the mapping classifications from within the study area. All scale bars are 5
km. Arrows indicate characteristics of wrinkle ridges. Black arrows indicate curvilinear map trace, blue arrows indicate ridge,
green arrows indicate wrinkle, and red arrows indicate en echelon segments.
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LROC NAC PHOTOMETRY: A GLOBAL PHOTOMETRIC FUNCTION. A. K. Boyd and M. S. Robinson,
School of Earth and Space Exploration, Arizona State University, Tempe, AZ, USA (aboyd@ser.asu.edu)
Introduction: Due to the slow rotation of the Moon,
lighting conditions beneath the Lunar Reconnaissance
Orbiter (LRO) systematically vary from month-tomonth. As a result, the Lunar Reconnaissance Orbiter
Camera (LROC) Narrow Angle Camera (NAC) has acquired a robust set of multi-temporal photometric observations sampling the whole Moon.
Each NAC has a 2.85° field-of-view [1], thus the
photometric angles of incidence (angle of sub-solar vector relative to the surface normal), emission (angle of
camera boresight vector relative to the surface normal),
and phase (angle between emission and incidence vectors) [2], vary dominantly from topography in a single
image. To allow quantitative comparisons of reflectance
values from spatially dispersed NAC images, we derived
an empirical photometric solution from 3.8 million
LROC NAC image tiles (1 km x 1 km) similar to the
method described in Boyd et al. [3], but with more
LROC NAC images at higher resolution than the previous work [3]. We call this solution the Mean Moon Photometric Function for the Highlands (MMPF-H), signifying the highlands were used as the primary dataset.
Method: Farside LROC NAC images were selected
based on latitude (40°S to 40°N), longitude (90°E to
270°E), incidence angle (<60°), and slew angle (<60°).
Only images with data quality IDs < 16 and exposure
times <1 ms were included in the study.
Data Preparation: Radiometrically calibrated I/F
[4,5] NAC images were binned to 1 km x 1 km pixel
scales enabling accurate photometric angle calculations
from the GLD100 [6], while maintaining a manageable
dataset size. Photometric angles (phase, local emission,
and local incidence angles), latitude, and longitude were
calculated for each tile.
The data were transformed, enabling a linear least
squares fit for the MMPF-H. The response variable
log(IOF) and dependent variables g, cos(e), and cos(i)
were calculated and stored for use in curve fitting.
Curve Fitting: The resulting dataset was binned by
photometric angles and only the average for each bin was
used for fitting the MMPF-H. This removes bias in the
MMPF-H of higher point density regions (nadir and
larger incidence angles).
The preliminary and final fitting was performed using phase angles >10° and emission and incidence angles
<80°. After the preliminary fitting, the normalized IOF
was computed for all original data points, and outliers
were identified as points greater than three standard deviations from the mean normalized IOF. With outliers

Figure 1: The MMPF-H is valid for phase angles
between 10° and 90°, all emission angles, and
incidence angles < 80°. In this range, the normalized
IOF (IOF/modelIOF) shows little trending against
illumination angles. Outside of the valid geometry
range, the MMPF is smooth, but increases in error
magnitude as the distance from the valid range
increases.
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Figure 2: LROC NAC uncontrolled mosaic on the NE rim of Chaplygin crater (4.1° S, 151.7° E). four pairs of NAC
images ranging from 52° to 5° phase angle at ~27° incidence angle. LEFT: Calibrated NAC mosaic (no photometric
correction) RIGHT: NAC images photometrically corrected from the MMPF-H.
excluded, the mean for each bin was recomputed, and the
MMPF-H was fitted using the bins.

I
log  = 2.47  0.013 g  0.25cos e +1.08 cos i 
F
Mean Moon Photometric Function for the Highlands
(MMPF-H), IOF depends linearly on phase (g), emission (e), and incidence (i) angles.
Results and Discussion: The MMPF-H is designed
as a general purpose correction for highlands terrain. The
function is well fit for phase angles between 10° and 90°,
all emission angles, and incidence angles <80°; roughly
85% of all NAC images within 60° latitude of the equator. The solution presented here is improved upon that of
Boyd et al. [3] in terms of spatial scale (5 km vs. 1 km)
and fit accuracy due to significantly more observations.
Residuals: At phase angles <10° the normalized IOF
curves upwards toward 0° (Fig. 1A) showing that the
MMPF-H is not adequately describing the opposition
surge [2]. Creating a smooth function took precedence
over modeling these small phase angle non-linear effects. Normalized IOF departs from the horizontal fit as
emission angle approaches 35° (Fig 1B) for many tiles.
For nadir images, the departure is due to steep slopes
(>25°), which are composed of immature material with
higher reflectance. Emission angles >40° generally do
not show elevated IOF because they are slewed observa-

tions in regions with little topography (Fig. 1B). Normalized IOF vs. incidence angle is horizontal out to 80°
(Fig. 1C), beyond which the presence of shadows due to
km scale topographic facets begins to dominate the observed radiance.
Application: NAC mosaics over regions larger than a
NAC pair often require observations with significantly
different geometries; often over 50° change in phase angle across a single mosaic. These photometric differences cause significant reflectance offsets within a mosaic. However, with MMPF-H photometric normalization (applied over valid phase angles) mosaics are relatively seamless [Fig. 2]. The underestimated model IOF
at low phase angles (<10°) is due to the nonlinear increase in reflectance approaching 0° phase angle [2], and
a correction will be added in future work.
Terrain types with varying composition or physical
parameters may have different photometric properties
(mare vs. highlands, mature vs. immature), thus requiring a separate solution for each terrain. For the MMPFH, the mean lunar highlands will have the highest accuracy. Caution should be exercised when applying to
other terrains, such as, immature, blocky, glassy, ilmenite rich, and high Fe content materials.
References: [1] Robinson et al. (2010) Space Science Rev. 150: 81-124. [2] Hapke B. (2012) Cambridge
University Press. [3] Boyd et al. (2014) LPSC 45 #2826.
[4] Becker, K.J., et al. (2013) LPSC 44 #2829 [5] Humm,
D. C. et al. (2016) Space Sci. Rev. 200. [6] Scholten, F.
et al. (2012). JGR, 117.
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AMES STEREO PIPELINE AND LROC ASU DIGITAL TERRAIN MODEL (DTM) COMPARISON.
H. M. Brown1, A. A. Awumah1, M. R. Henriksen1, M. R. Manheim1, E. Cisneros1, R. V. Wagner1 M. S. Robinson1
1
School of Earth and Space Exploration, Arizona State University, 1100 S. Cady Mall, Interdisciplinary A, Tempe,
AZ 85287-3603; (hbrown6@asu.edu).
Introduction: This study compares digital terrain
model (DTM) products created by the NASA Ames
Stereo Pipeline (ASP) and ASU Lunar Reconnaissance
Orbiter Camera (LROC) teams from the same LROC
Narrow Angle Camera (NAC) stereo pairs. Both absolute and relative measurements of quality are used to
evaluate the differences between the LROC NACderived terrain datasets.
Background: The NASA ASP is a suite of opensource automated geodesy and stereogrammetry tools
designed for processing stereo imagery into cartographic products, including digital terrain models
(DTMs) [1]. ASU DTMs are processed using SOCET
SET from BAE Systems and Matlab [2]. Both ASP
and ASU LROC DTMs are derived from NAC stereo
observations calibrated to I/F with Integrated Software
for Imagers and Spectrometers (ISIS) [3]. In addition,
both systems combine NAC stereo observations and
Lunar Orbiter Laser Altimeter (LOLA) profiles to create accurate and precise topographic representations of
the lunar surface [1,2].
Analysis Overview: First, every DTM from both
ASP and ASU was qualitatively ranked to assess the
presence of noise, artifacts, holes, and/or missing data.
These rankings were used to compare 43 of the highest-quality ASP DTMs with similarly high-ranking
corresponding ASU DTMs (i.e. both DTMs were made
from the same stereo images) for detailed comparison.
The resulting set of DTM pairs, representing diverse
lighting conditions and terrain, were also compared to
each other in terms of pixel-to-pixel horizontal offsets
and vertical offsets relative to LOLA profiles (PDSreleased v1.04 RDRs) in order to quantify differences
between the ASP and ASU products.
Qualitative Study: Each DTM was given a ranking between 0 and 5, with 5 indicating the highest
quality (Table 1); 0 was reserved for DTMs exhibiting
significant missing data not related to topography,
shadows, or high-exposure surfaces that are most
commonly responsible for holes and artifacts in ASU
DTMs.
One thousand and one ASP DTMs were reviewed
and compared with their stereo images to determine if
lighting conditions or topography were the source of
artifacts or holes. Out of the ASP DTMs reviewed,
30.5% fall into the highest-ranking categories (4 to 5),
while 43% are ranked 1 to 3, and 26.5% are ranked 0.
Three hundred and thirty seven ASU DTMs were
also qualitatively reviewed using the same ranking

system; 85% of the ASU DTMs fall into the highestranking categories (4 to 5), 14% are ranked 1 to 3, and
<1% are ranked 0.
Rank
Artifacts /Noise
Missing Data
5
Negligible
None
4
Minimal and localized;
0-2 holes <100
edges of DTM unclean
pixels
3
Minor; localized and/or 0-5 holes
pervasive; seams visible <1,000 pixels
2
Moderate; localized
Numerous holes
and/or pervasive
<5,000 pixels
1
Severe; pervasive and
Numerous holes
localized
<20,000 pixels
0
Negligible to severe
Holes not assoartifacts not associated
ciated with input
with input images
images
Table 1. Ranking system developed to assess the quality of
the DTM products.

Quantitative Study: Of the highest ranked ASU
and ASP DTMs, 65 were made from the same sets of
stereo images. This dataset was further culled to 43;
encompassing only ASU DTMs that were made after
July 2013, when new processing methods were implemented that resulted in more accurate DTMs. All ASP
DTMs reviewed were made in 2014.
Both ASP and ASU teams recommend that DTMs
be made at ground sampling distances of at least 3x the
ground sampling distance of input NAC images [2,4]
(which are typically 0.5 -1.5 m/pixel). The ASP DTMs
are sampled at ~1 m and therefore may be oversampled
[3]. For this reason, the ASP DTMs were first downsampled by using ISIS programs reduce and map2map
with averaging and bilinear reduction schemes to
match the pixel scales of corresponding ASU DTMs
(2, 3, or 5 m).
The USGS ISIS co-registration program coreg was
used to determine horizontal offsets between the two
DTM products by forcing one DTM to cartographically match the other enabling pixel-by-pixel comparisons. Coreg was run using a maximum correlation
algorithm, a 20x20 pixel pattern chip, a 70x70 pixel
search chip, and a tolerance of 0.92.
Each DTM was also compared to LOLA ranging
data, providing a measure of horizontal and vertical
accuracy. The most accurate topographic reference for
the Moon, LOLA has uncertainties < 10 m horizontally
and < 1 m vertically [5]. Each DTM production team
has developed their own tools to register DTMs with
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LOLA profiles. To best gauge the offsets between
LOLA and the DTMs, each DTM was run through
both an ASU-developed automated tool that uses the
Optimization Toolbox within MATLAB (RegisterLOLA) [2] and the ASP pc_align tool, which uses an iterative closest point algorithm [4].
The ASP pc_align tool was run using mapprojected 32-bit GeoTiffs and ISIS cube files of the
ASP and ASU DTMs, a maximum displacement of 50
m, and LOLA profiles serving as the alignment vector.
pc_align outputs include an overall average offset and
the average latitude, longitude, and elevation offsets in
meters. Outputs analyzed from the RegisterLOLA tool
include the mean offset and root mean square (RMS)
offsets for latitude, longitude, and elevation. Results
from both tools were evaluated based on the standards
used by [2]: average offsets and overall RMS should
be less than the pixel scale of the DTM, horizontal
RMS offsets < 10 m, and vertical RMS offsets < 1 m.
Coreg Results. Corresponding ASP/ASU DTM
pairs reveal offset patterns that are complex: most
DTM pairs show multiple localized horizontal offset
patterns that suggest a mix of translational, rotational,
and scaling effects. Because of this mixture, it is difficult to ascertain the relative horizontal orientations of
the DTMs. The average of total offset magnitudes and
the standard deviation are 19.5 m and 9.6 m, respectively. At least 4 of the coreg results reveal scaling
offsets (southward at the north end; northward at the
south end) that are consistent with a north-south tilt
between the ASP and ASU DTMs (Fig. 1).
LOLA Comparison Results. Overall we found that
ASU and ASP DTMs have comparable offsets from
LOLA, with a few exceptions (Table 2). ASU DTMs
have significantly lower average offsets from RegisterLOLA than ASP DTMs, while pc_align gives comparable offsets for the two sets. Future work will investigate these discordant results. Further, elevation offsets are at least 2x lower (~1 m) for ASU DTMs than
for ASP DTMs.
The RegisterLOLA tool creates plots of the elevation offsets between LOLA tracks and input DTMs;
examining these plots for all the ASP/ASU DTM pairs
revealed a systematic elevation tilt in all 43 of the ASP
DTMs (18 m average) and in 2 of the ASU DTMs (1 m
Average Offsets (m)
Latitude Offsets (m)
Reg. LOLA
pc_align Reg. LOLA pc_align
ASU
2
7
4
5
ASP
7
8
4
5
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average). This tilt may reflect the coreg and RegisterLOLA elevation offsets identified above.
Fig 1. RegisterLOLA plots showing RMS elevation offsets for
images M1100687605/
M1100701900. Left: ASU DTM
error analysis. Right: ASP DTM
error analysis. Note the tilt of
data showing a 10 m elevation
offset in the N/S direction.

Summary: A number of factors affect the accuracy
and precision of DTM products. Maturity of orbit data,
the registration and DTM extraction processes, accuracy of LOLA data [5], and the DTM sampling all affect
the overall offset discrepancies and visual appearance
differences between ASP and ASU DTM products.
DTMs were visually inspected, compared to LOLA
profiles using each method’s alignment tool, and registered to each other in order to better understand the
outputs of each production method.
Conclusions: In terms of absolute uncertainty, the
two sets of DTMs are comparable. However, ASU
DTMs display little to no tilt relative to LOLA, and
contain fewer holes and visible artifacts compared to
ASP DTMs. We found that the ASP DTMs examined
display an 18 m average elevation tilt relative to LOLA, while only 2 ASU DTMs have systematic tilts (1
m average). In addition to this, many of the 1001 ASP
DTMs are oversampled (DTM scale ≤ native image
scale). Many of the ASP DTMs contain significant
artifacts, noise, and holes in comparison to ASU DTM
products. Since the process of removing defects and
accurately registering the DTMs to LOLA takes additional time and effort, ASU DTMs are less abundant
than ASP DTMs.
References: [1] Moratto, et al. (2010) LPS XLI,
Abs. #2364. [2] Henriksen, et al. (2017), Icarus, 283,
122-137. [3] Moratto, et al. (2014) LPS XLV, Abs.
#2892 [4] Intelligent Robotics Group, (2017), The
Ames Stereo Pipeline, v. 2.5.3. [5] Smith, D.E., et al.
(2017) Icarus, 283,70-91.
Longitude Offsets (m)
Elevation Offsets (m)
Reg. LOLA pc_align Reg. LOLA pc_align
5
4
0.6
0.7
7
4
1.9
1.5

Table 2: Offsets between LOLA and ASU or ASP DTMs, as generated by RegisterLOLA (Reg. LOLA) and pc_align. Average offset from RegisterLOLA is the average of the differences in elevation at each lat/lon point [2], while average offset from pc_align is an average of the distances
between the LOLA point and the closest DTM point [4]. Latitude, longitude, and elevation offsets are RMS offsets for RegisterLOLA and average
offsets for pc_align.
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A GEOLOGIC MAP OF THE CALORIS BASIN, MERCURY. D. L. Buczkowski1 , E. Goosmann2, B. W.
Denevi1, C. M. Ernst1, C. I. Fasset3 and P. K. Byrne4, 1JHU/APL, Laurel, MD 20723,
Debra.Buczkowski@jhuapl.edu; 2University of Washington, Seattle, WA; 3Marshall Space Flight Center, Hunstville,
AL; 4North Carolina State University, NC.
Introduction: The 1,550 km-diameter Caloris basin, the largest impact structure on Mercury, is a highly
complex geologic landform. The basin is floored by
light-toned plains [1] that have been determined to be
volcanic in nature, and multiple landforms, including
volcanic vents and even a possible small shield volcano
[e.g. 2,3], have been identified. The basin floor also
shows a degree of tectonic diversity that is far greater
and more complex than anywhere else on the planet
[4]. Also, the nature of the annulus of dark-toned material that surrounds the basin remains unclear [3]. While
the hummocks are thought to be ejecta blocks, the
smooth, dark, ridged plains interfingering them have
been interpreted to be younger than the light-toned
plains within the Caloris basin. This would imply a
second, plains emplacement event, possibly involving
lower albedo volcanic material, which resurfaced the
original ejecta deposit. A geologic map of the Caloris
basin will serve to synthesize the results of these previous studies into a contextual framework for quickly
viewing the thematic research that has been performed
on this interesting region.
Caloris basin map: In the mapping scheme designed for Mercury, the Caloris basin crosses four
quadrangles: H-3 Shakespeare (21º-66°N, 90º-180°W),
H-4 Raditladi (21º-66°N, 180º-270°W), H-8 Tolstoj
(21ºS -21°N, 144º-216°W) and H-9 Eminescu (21ºS21°N, 216°-288º W). In this mapping effort, we proposed to develop a Caloris basin map that ranged from
0º-60°N, 130º-195°E. However, during mapping we
realized that the map needed to extend from 125º200°E to cover both the basin and the entire surrounding dark annulus This areal extent best summarizes the
thematic research of the Caloris basin region.
Geologic Units: Two Mercury quadrangle maps
based on Mariner 10 data cover the eastern third of the
Caloris basin (Fig. 2): H-8 Tolstoj [7] and H-3 Shakespeare [8]. Several terrain units associated with the
Caloris basin were identified by [9]. Later, a rockstratigraphic group consisting of several formations
was developed during the 1:5M mapping of the H-8
Tolstoj [7] and H-3 Shakespeare [8] quadrangles and
then formalized [10]. The formations of the Caloris
group correspond with the morphological units recognized previously [9] (Fig. 2).
The most prominent annular feature surrounding
the Caloris basin structure is comprised of smoothsurfaced massifs 1-2 km high and 100-150 km wide.
Originally referred to as “mountain terrain” [9], the

unit was officially named the Caloris Montes Formation (cm) [7,8,10]. The component blocks were interpreted as uplifted bedrock [9].
The depressions between the massifs of the Caloris
Montes are mantled by a undulating to smooth unit
called the Nevro Formation (cn) [7,8,10]. McCauley et
al. [10] interpreted these “intermontane plains” [9] as
fallback material from the Caloris impact itself, but
much of the formation may be impact melt ejected
from the excavation cavity of the basin [11].
A new basin rim material was identified during our
mapping. Caloris Rim Material (cr) are materials that
are clearly part of the Caloris rim, but are neither montes nor mantle material. These materials have a dissected appearance that is unique to Caloris units.
Smooth Plains Material (ps) is a global Mercury
unit found exterior to the Caloris basin. Smooth Plains
is interpreted to be volcanic flows. Intercrater Plains
Material (pi) is a pre-Caloris global Mercury unit interpreted as volcanic flows. The Intercrater Plains are
heavily cratered, and thus are mapped as older than ps.
An extensive plains unit, similar in appearance to
the ps material outside of Caloris, covers the floor of
the basin. However, the Caloris floor material shows
more intense tectonic deformation than the exterior
smooth plains, including abundant wrinkle ridges and
graben with discrete basin-radial, -concentric, and oblique orientations [4]. In the Tolstoj and Shakespeare quadrangles the Caloris Floor Plains Material
(cfp) is mapped as a unit distinct from the Smooth
Plains [7,8]. Unable to discern an unequivocal formation mechanism for the cfp material, the quadrangle
maps suggest that it is either volcanic in origin or a
thick impact-melt sheet.
There are two geologic units considered to be facies of Caloris ejecta: the Odin formation and the Van
Eyck formation [7-10]. The Van Eyck Formation (cvl)
includes a lineated terrain extending radially 1000 km
from the outer edge of the Caloris Montes and clusters
of secondary craters identified by [7]. The long, hilly
ridges and grooves comprising the Van Eyck are subradial to the basin proper and are interpreted as ejecta
from Caloris secondaries.
The other Caloris ejecta unit is formally named the
Odin Formation (co) [7,8,10]. Hummocky plains [9],
consisting of low hills ranging from 0.3-1 km across
and up to a few hundred meters high, encircle the basin
in a broad annulus that extends up to many hundreds of
kilometers from the Caloris Montes. In some places the
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Odin hills are concentric to the rim of the Caloris basin, and the spacing between hills can vary greatly. The
outer boundary of the Odin Formation is gradational
with the younger Smooth Plains exterior to the Caloris
basin, which is similarly surrounded by the older, preCaloris Intercrater Plains.
Our crater units are based on the Kincyzk classification scheme [11]. The crater classification scheme
used by the Mariner 10 quadrangle maps [7,8] was
based on degree of crater degradation, in which fresh
craters were labeled C5 and the most degraded craters
were identified as C1 [10]. The older classification system was standardized by utilizing MESSENGER data
to develop a consistent Mercury-wide scheme based on
clear and uniform morphologic criteria [11]. This new,
meticulous classification allows for a comprehensive
understanding of the differences between Mercury’s
craters. According to [11], C1 craters are pre-Tolstojan
in age, C2 craters are Tolstojan, C3 are Calorian, C4 are
Mansurian, and C5 are Kuiperian. added subclassifications that record whether or not low reflec-

Figure 1. Geologic map of the Caloris basin, Mercury.
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tance material (LRM) has been exposed in the crater
ejecta: these sub-classifications are C2-LRM, C3-LRM,
C4-LRM and C5-LRM.
Acknowledgements: This work is supported by the
Planetary Geology and Geophysics program, grant
number NNX14AP50G.
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UPDATE ON MAPPING OF THE AEOLIS DORSA REGION, MARS: DISCOVERING EVER MORE
DIVERSITY IN THIS INVERTED LANDSCAPE:. D. M. Burr1, R. E. Jacobsen1, A. Lefort 1, R. M. Borden1, A.
S. Boyd1, and S. E. Peel1, 1 Earth and Planetary Sciences, Department, University of Tennessee, Knoxville, TN USA
37996 (dburr1@utk.edu).
Introduction: This abstract summarizes our third
year of work on a 1:500k map of the Aeolis Dorsa
(AD) region [1,2]. Located within the western Medusae Fossae Formation (MFF; [3-5[), this region (Fig.
1, context) lies just north of Mars’ highland-lowland
boundary (HLB), southwest of the young Cerberus
plains lavas and ~800 kilometers east of Gale Crater.
It contains a long history of fluvial and alluvial deposition [6 and references therein], aeolian deposition
and reworking [7, 8, and references therein], tectonic
and potentially collapse deformation [9] and possible
intracrater lacustrine events. This complex history is
recorded in substantial and complex stratigraphic
layering that has been locally and regionally deformed, as evidenced by topographically undulating
fluvial deposits [9]. The proposed mapping effort
covers landforms resulting from the fluvial, alluvial
and deformation processes; we are including the aeolian mapping through a subsequent Mars Data Analysis Grant and/or through graduate student assistantships from the University of Tennessee. This abstract summarizes our progress on mapping each category of landforms. We anticipate an initial submission of the map to the USGS Astrogeology Branch
this summer.
Fluvial and alluvial landforms: The surficial
aqueous history of the AD is recorded in an areally
extensive, morphologically varied, and stratigraphically stacked population of fluvial and alluvial features (Fig. 1). Most of these landforms are exhumed
and/or inverted. Our identification and mapping of
these fluvial and alluvial features is complete [6].
Previous work has provided paleodischarge estimates
for these inverted features [10], but we have documented an improved technique for making such estimates [11]. We are also developing techniques for
discerning confounding factors in paleodischarge
estimation [12]. With these new techniques, we will
estimate and provide new paleodischarge values for a
sample of stratigraphically stacked fluvial deposits.
The aqueous history of the region is also recorded
in regional fluvial strata. These fluvial strata include
both surficial units detected in visible wavelength
data from the Context Camera [13] and a surficial /
near-surface thermally distinct unit [14] detected in
nighttime Thermal Emission Imaging System
(THEMIS) data [15]. This unit appears more widespread than the surficial inverted fluvial deposits and
so suggests more extensive fluvial deposition. In our

mapping to date, this unit appears to lie subjacent to
the inverted surficial deposits and therefore to precede them in time, although a gradation between the
surficial and near-suface deposits is possible in some
areas. Completion of our mapping will allow us to
give a final assessment of the stratal relationships.
Aeolian landforms: Aeolian depositional and
abrasional landforms are pervasive in the AD region,
as in the larger MFF [e.g., 7, and references therein].
Abrasion is evident in the form of yardangs [e.g., 16],
and deposition is apparent in the form of both dark
and dust-covered sand deposits [Fig. 2; e.g., 8], inferred from the presence of dune forms and/or obstacle scours [17] (Fig. 2). Our mapping to date of dune,
scour, and sand sheet landforms shows that sand is
more prevalent than is apparent from surface albedo
alone [8]. Completion of this mapping, in conjunction
with geospatial analysis to be performed on the mapping results under a separate grant, will allow us to
constrain likely source(s) and origin(s) of the sand.
Local-scale tectonic landforms: The AD mapping region exhibits tectonic landforms at a range of
size scales. The highland-lowland boundary crosses
the very southern margin of the map area, just south
of a kilometer-deep depression. Within this depression, rectilinear troughs and mesas suggest an extensional tectonic origin, although collapse mechanisms
are also possible. At the smallest size scales, wrinkle
ridges (e.g., Fig. 3) suggest the opposite tectonic
strain, namely, localized contraction [18]. Our mapping [shown in 18] shows a areally scattered distribution of these landforms, suggesting areally distributed
episodes of contraction.
Potential lacustrine landforms: In our previous
abstracts [1,2], we pointed out potential lacustrine
and/or groundwater-associated landforms. For example, some large craters in the central (lower) portion
of the map area exhibit branching networks suggestive of groundwater flow [cf. 19] and marginal strata
suggestive of shoreline deposits (e.g., Fig. 4). These
potential lacustrine features were not proposed for
mapping, but their identification and interpretation
would substantially add to our understanding of the
history of water in this region.
Summary: The primary focus of the proposed
mapping work – namely, inverted fluvial deposits – is
complete, and the mapping of the near-subsurface
fluvial units is targeted for completion this summer.
Mapping of aeolian and tectonic landforms is onging
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and likewise targeted for completion this summer.
Mapping of the potential lacustrine and groundwater
deposits is targeted for completion next year. These
disparate landforms indicate the rich and diverse history to be discovered in the AD region.
References: [1] Burr D. M. and Jacobsen R. E.
(2015) Planet. Mappers Meet., Honolulu, HI. [2]
Burr D. M. et al. (2016) Planet. Mappers Meet.,
Flagstaff, AZ. [3] Scott D. H. and Tanaka K. L.
(1986) U.S.G.S, IMAP 1802-A. [4] Greeley R. and
Guest J. E. (1987) U.S.G.S., IMAP 1802-B. [5] Harrison S. K. et al. (2010) Icarus, 209, 2, 405–415. [6]
Jacobsen R. E. and Burr D. M., Geosphere, in revision. [7] Kerber and Head (2010) Icarus 669-684. [8]
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Boyd A. S. and Burr D. M. (2017) 5th Internat. Planet. Dunes Work., St George, UT. [9] Lefort A. et al.
(2010) JGR 117, E03007. [10] Burr D. M. et al.
(2010) JGR 115, E07011. [11] Jacobsen R. E. and
Burr D. M. (2106) GRL 43, doi:10.1002/
2016GL070535. [12] Jacobsen R. E. and Burr D. M
(2017) LPSC XLVIII Abs. 1285. [13] Malin M. C.
(2007) JGR 112, E05S04. [14] Burr et al. (2016) LPS
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JGR 111, E12004. [16] Ward (1997) JGR, 84, B14,
8147-8166. [17] Bishop M. A. (2011) Geomorph.,
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Figure 1 (below): Context (inset upper right) with the MFF outlined in red, and mapping area for the AD region
(from [6]). The background is colorized shaded relief topography and legend indicates the different morphologies of
the inverted fluvial deposits visible on the surface. Black boxes indicate the locations of subsequent figures.
Figure 2 (right):
Examples of dark
sand
within
yardang troughs,
inferred to be
kept
relatively
free of dust due
to sand movement by enhanced
wind flow within
the trough. On
either side, outside the abraded
bedrock massifs,
are dust-covered
sand sheets with
scour marks.
Figure 3 (below): An example wrinkle ridge, with black arrows outlining trace of one segment, blue arrows indicating ridge, green arrow
indicating wrinkle, and
red arrows at discrete en
echelon segments.

Figure 4 (right):
Obock crater with
branching network
(short arrows) suggestive of groundwater
flow and marginal strata
(long arrows) suggestive
of lacustrine deposits.
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GALILEO NIMS: NEW ISIS3 TOOLS FOR MODERNIZED DATA SET HANDLING AND PDS4 REARCHIVAL. J.T.S. Cahill1, K. Becker2, R. Esperitu1, C. Isbell2, and F. Seelos1, 1Johns Hopkins Applied Physics
Laboratory, Laurel, MD (Joshua.Cahill@jhuapl.edu), 2United States Geologic Survey, Flagstaff, AZ.
Introduction: Given the renewed interest in the
outer solar system by NASA, including efforts toward
developing viable Europa orbital and lander missions
and line items in the decadal survey calling for an Io
Observer mission [1], previous data sets of these bodies are extremely important for planning, targeting, and
continued scientific analysis leading up to execution of
these mission efforts in the coming years. Galileo data
is a good example of a data set that could yield more
information moving into the future if a greater number
of the community can easily access and use it.
Galileo collected monochrome and multispectral
visible data with the Solid State Imager (SSI) and hyperspectral near-infrared reflectance spectra with the
Near-Infrared Mapping Spectrometer (NIMS) of numerous planetary bodies including several of Jupiter’s
Moon’s (e.g., Io and Europa). In the context of Io, recent efforts by Becker and Geissler [2] and Williams et
al. [3] have made some great initial progress integrating Galileo SSI and Voyager data into global data
products capable of discriminating albedo, color, and
morphology. These products are now available as
ArcGIS products to the planetary community
(http://pubs.usgs.gov/sim/3168/). Similar efforts to
spatially register Voyager and Galileo SSI imagery of
Europa have also been successful [4, 5]. However,
similar comprehensive efforts have yet to be made and
delivered to the PDS for Galileo NIMS data, the only
hyperspectral imaging observations of outer solar system bodies. Here we have made an initial effort to
remedy this situation.
NIMS Data Currently Archived: At present,
Galileo NIMS data are publicly available but not in a
format that is readily accessible by the planetary community. This situation precludes the spectral investigation of surface and atmospheric chemistry and mineralogy for these objects. Several aspects of the NIMS
data archive contribute to this circumstance, including
VAX formatted data files (a platform and format abandoned by the PDS), a challenging radiometric calibration, and the absence of a rigorous camera/sensor model, and/or data products that have been orthorectified or
spatially controlled relative to SSI observations or
more recent Cassini data products (e.g., VIMS). NIMS
data are also not easily accessible by the planetary
community. Before this work, NIMS data were only
compatible with ISIS2, a program no longer supported
by the USGS and no longer functions on some modern
computer operating systems (e.g., Apple OS X). Galileo NIMS data were also not compatible with main-

stream planetary software, including ENVI/IDL or
ISIS3.
Objectives of Effort: The NIMS PDS archive
contains tube and g-cube data derived from the EDRs.
Considering the relatively small scope of this effort
only the NIMS tube and g-cube product data are the
focus of this work. EDRs will be addressed in subsequent work on the data set if deemed necessary. Tube
products contain ancillary geometric data for each pixel including latitude, longitude, incidence, emission
and phase angles. G-cubes are resampled map projections of these tubes. These data are stored in 4-byte
VAX FLOAT real values. The objective of this work is
to reformat and re-archive the Galileo NIMS data set
into a more easily accessible data format. In order to
do this we outline three basic objectives:
Objective 1: Create an ISIS application that reads
and converts the NIMS data cubes into native ISIS3
cubes. NIMS data in the PDS is stored in VAX
FLOAT format which is mostly obsolete and not
widely used in the community any longer. This
objective would ential adding support for conversion
of VAX FLOAT to IEEE FLOAT in ISIS;
advantageous to the pursuit is existing code in ISIS2
that provided a basis for this work. Here we also
sought to seek out problems with the NIMS labels in
PDS archive that are not compliant with PDS4
standards. These labels errors are to then be corrected
and exported with properly formed labels to the PDS
archive.
Objective 2: Provide the ability to project NIMS
tubes using the existing NIMS latitude, longitude tube
backplanes.
Objective 3: Derivation of a PDS4 compliant archive of the results of our study and provide it to the
PDS for general distribution. These basic initial steps
will make NIMS more user friendly and provide active
support through ISIS help interfaces.
Results: ISIS Ingestion & Conversion: For ISIS to
ingest NIMS tube and g-cube data we developed a
utility that converts VAX FLOAT values to IEEE format. Further, label issues are corrected using new conversion tools developed in ISIS and propagated into
the output ISIS3 label. These utilities are used in improvements to existing and the development of ISIS3
applications that support conversion of tube and g-cube
spectral image cubes into ISIS3 compatible formats. A
new application has been developed called gllnims2isis
and was released in ISIS 3.4.12. This application takes
NIMS data, splits each into complimentary ancillary
and spectral data products. Additional functionality for
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the NIMS products was integrated into nocam2map
function as well. This conversion of the data products
will enable ISIS3 functionality to be utilized in the
processing and analysis of the NIMS tube and g-cube
data moving forward. It also provides utility for future
photometric corrections and coregistration work. Continued support is provided by using the ISIS Support
issue tracking system (https://isis.astrogeology.usgs
.gov/fixit/). From ISIS3 conversion products to other
formats may also be enabled in the future (.IMG,
.JPG2000, .PNG, etc.).
ISIS Map Projection: The map projections that
most of the NIMS PDS archive data are stored in,
‘point perspective’, are not currently compatible with
ISIS projections (we and the USGS will continue to
investigate this moving forward). As a consequence,
we do not create a ‘Mapping group’ in the output
ISIS3 cube. However, the nocam2map ISIS application
can be used to reproject the data since we have latitude/longitude backplanes. As a result, we are adding
the original projection parameters to a Mapping Information group in both the core and suffix cube labels.
This group contains the mapping information from the
archived image so that nocam2map will have the information needed to work with the NIMS data.
Re-Archival: The new standard for PDS archival is
PDS4, so the NIMS data products will be re-archived
in PDS4 for compliance. The flexibility of the PDS4
Product XML schema allows us to describe the format
of the ISIS3 cube rather than transforming the ISIS3
cube to another data format prior to submission to
PDS. NIMS-to-PDS4 software was written in JAVA to
take advantage of existing JAVA/XML libraries. The
software parses header information from the ISIS3
cube, populates an XML template file, and creates
PDS4 Product Labels for each data product. The software will also incorporate the map projection information generated by gllnims2isis and provide it in a
Cartographic PDS4 object within the XML label. Finally, any header information describing NaN,
max/min, or missing data values in the original VAX
format will be converted to the appropriate IEEE value
and recorded in the XML label with the corresponding
PDS4 Special Constants XML tags.
Future Work: In the future we aim to examine the
feasibility to develop a NIMS sensor/camera model in
ISIS3 and apply an adaptation of CRISM statistical
noise filtering techniques to NIMS. Examination of the
NIMS geometry data and comparison to SSI (which
has a recently developed sensor/camera model) to determine the feasibility of a NIMS sensor/camera model
will be of great benefit to the community. If a sensor/camera model is viable it will increase the integration and accuracy of outer planet data sets. Successful
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adaptation of CRISM statistical noise filtering techniques to NIMS will also be of great benefit toward
reduction of radiation noise artifacts common in
NIMS.
References: [1] NRC, Vision and Voyages 2013-2014.
2011. [2] Becker T.L. and Geissler P.E. LPSC. 2005.
Houston, TX: Lunar and Planetary Institute. [3] Williams
D.A. et al. (2011) Icarus, 214, 91-112. [4] Becker T.L. et al.
(2001) LPSC, XXXII, 2009. [5] Becker T.L., 2002, US Geol.
Surv. I-Map-2757: Flagstaff, Az.
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Lon

NIMS observation 27i014 of
Prometheus/Bosporus Regio

Figure 1. The data set in the top image is a portion of NIMS tube 27i014 data. The latitude and
longitude data is contained in the backplane of
the tube. The bottom image is a point perspective
projection resulting from the new ISIS3
gllnims2isis application as applied to the g-tube.
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MULTI-MISSION GEOGRAPHIC INFORMATION SYSTEM FOR SCIENCE OPERATIONS: A TEST
CASE USING MSL DATA.
F. J. Calef III1, H. E. Abarca1, T. Soliman2, S. P. Abercrombie1, and M. W. Powell1, 1Jet Propulsion Laboratory,
California Institute of Technology, 4800 Oak Grove Dr, Pasadena, CA 91109, Fred.Calef@jpl.nasa.gov, Hallie.E.Gengl@jpl.nasa.gov, parker.abercrombie@jpl.nasa.gov, mark.powell@jpl.nasa.gov 2California State University Northridge, Northridge, CA, tariq.soliman@908@my.csun.edu.
Introduction: The complexity, variety, and resolution of datasets for insitu Mars missions has grown
with each new planetary mission. Missions have transitioned from single-point landed missions like Viking to
observations covering rover traverses kilometers in
length, sampling multiple geologic and geomorphic
units. For example, the Mars Science Laboratory
(MSL) has over ten instrument packages from fixed
point weather instruments (REMS), remote imagers
(NAVCAM, MASTCAM), and contact science instruments (e.g. microscopic imager (MAHLI), alpha
particle x-ray spectrometer (APXS), drill) with resolutions from centimeters to microns. All of these ground
observations are overlayed onto an unprecedented orbital mosaic composed of 25 cm/pixel visible imagery,
hyperspectral chemical data, as well as a 1m/pixel digital elevation model (DEM) covering the landing ellipse
and main science area in totality [1]. Over four Earth
years, MSL has sampled thousands of individual science targets coupled to tens of thousands of unique
science observations. Longer traverses like the Mars
Exploration Rover (MER) Opportunity, have science
observations spread over 40+ kilometers and greater
than a decade in time! Precisely locating this scientific
data down to millimeter accuracy onto the Martian
surface combined with instrument science results is a
time-consuming process requiring special knowledge
in instrument coordinate frames, unique data formats,
and advanced mapping capabilities. Valuable spatial
relationships can remain hidden from scientists and
engineers in the interim, resulting in loss of mission
performance on tactical (i.e. daily) and strategic (weekly to monthly) timelines.
The MSL mission utilizes commercial-off-the-shelf
(COTS) mapping software common across U.S. federal agencies, universities, and private companies. While
being widely used, it has a steep learning curve. In
addition, the combination of orbital and insitu datasets
are tens of gigabytes in size presenting a difficulty in
transferring to end-users, as well as properly accessing
various raster and vector spatial data types.
User capability is varied with some users wanting
the raw data and others relying on static maps for access, though everyone wants/needs instrument data in a
spatial context to improve observations. We attempt to
provide maps and localized data for science and engineering team members, but it can be time intensive for

even simple queries (e.g. “What’s the elevation at each
APXS?”) much less advanced ones (“What's the horizon mask for these locations?”). While we’ve automated some map generation, others require customization.
We have been working on a multi-mission geographic information system project, MMGIS, as a
new tool for the NASA Advanced Multi-Mission Operations System (AMMOS). Now in our second year,
we’ve developed a series of programs, workflows, and
web-based interfaces to unite mission basemaps with
science products in their proper geospatial context with
‘quicklook’ instrument results. We present our current
development using Mars Science Laboratory rover
mission data as a test-case prototype dataset for our
tool development.
Objective: Our goal is to develop a multi-mission
geographic information system (MMGIS) with geospatial data standards, tools, and interfaces for accessing
science instrument data on a map in near-real time [1].
This will be achieved by automating the localization/georeferencing of science data results and providing a unified mapping interface.
From such a system, we expect to:
o Reduce mission operations cost and risk, reduce processing time, and improve scientific cross-comparisons
between instruments.
o Leverage technological advances and emerging
standards, inproving upon static maps by provide webenabled map content for all instruments using free
open-source software (FOSS) across multiple computer platforms (PC, mobile).
o Broaden support for future missions by standardizing
geospatial position of landed and rover instrument science data.
o Increase science understanding within the mission
for better science return and faster analysis.
Current status: MMGIS is beta-testing science
data product localization for fixed-body, mast pointed,
and arm attached (i.e. ‘Contact Science’) instruments
(Figure 1). We’ve developed methodologies and workflows using Python and VICAR [2] for localizing/georeferencing science instrument data by tying
spacecraft clock (SCLK) data labels to rover localization, via translation from i,j image space to ground
projection, reverse-kinematics, or using the planned
target database as a proxy for instrument sample location for all observations. This science product localiza-
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tion information is translated from the instrument coordinate frame to a rover-centric coordinate frame,
then into a Mars global coordinate system that matches
the mission basemap [2]. Once collected, mapping
coordinate values are then produced in a format conducive to a web-based mapping interface.
Methods: Our goal is to minimize user and admininstrative install/upkeep for the MMGIS software
package. Using open source tools such as Python (python.org), GDAL (gdal.org), Leaflet (leaflet.org), D3
(d3js.org) and three.js (threejs.org), allowed rapid development of a flexible and simple user interface with
a short learning curve (Figure 2). The web-based mapping interface eliminates the need to download/install
gigabytes of software and datasets. Other than an
Apache webserver, there is no “geoserver”, only vector
data in GeoJSON format (geojson.org) and image data
pre-cut as Tile Map Service (TMS) tiles
(https://wiki.osgeo.org/wiki/Tile_Map_Service_Specifi
cation) in PNG format, achieving a near “serverless”
configuration. We’re experimenting with a SQLITE
database (sqlite.org) for storing some user annotations
and larger datasets (e.g. image footprints), but sans
server. The code and dependencies like Python and
GDAL are easily installed with low overhead. The
interface allow measuring distance, 3D profiles, and
viewing targets on ground mosaics, all interlinked,
providing rapid review and quick analysis (Figure 3).
Future Work: MMGIS tools, methodologies, and
mapping interfaces are slated for delivery to the AMMOS catalogue in fiscal year 2018. A version is being
deployed to operations by the MSL Science Team.
Upcoming Mars missions like InSight and Mars2020
will use MMGIS for tool development.
References: [1] Calef et al. (2017), LPSC, #2541
]2] Deen et al. (2015), 2nd Planetary Data Workshop,
#7059 [3] Calef III, F.J. and Parker, T. (2016) PDS
Annex USGS, https://astrogeology.usgs.gov/search/
map/Mars/MarsScienceLaboratory/Mosaics/MSL_Gal
e_Orthophoto_Mosaic_10m_v3 [2]
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Figure 2: MMGIS web mapping interface with
NAVCAM insitu view on left and orbital view on
right. CHEMCAM ‘quicklook’ oxide data is displayed
for target ‘Piedmont’ as an interactive bar graph.

Figure 3: MMGIS web mapping interface with orbital view on left and 3D view on right (looking south).
An elevation profile (red line) was created interactively
showing the local relief. Red dots on each view represent the same science target on the surface.

Figure 1: Diagram of instruments to localization
type.
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COMPOSITIONAL CHARACTERISATION OF THE MARTIAN SOUTH POLAR RESIDUAL CAP
USING CRISM. Jacqueline D. Campbell, Panagiotis Sidiropoulos and J-P. Muller. Imaging Group, Mullard Space
Science Laboratory, University College London, Holmbury St Mary, Surrey, RH5 6NT, UK
(Jacqueline.campbell.16@ucl.ac.uk, p.sidiropoulos@ucl.ac.uk, j.muller@ucl.ac.uk)
Introduction: While Mars was initially thought to
have been a non-dynamic planet, repeat observations
starting with the Mariner missions of the 1960s [1], and
in more recent years by the European Space Agency’s
(ESA) Mars Express launched in 2003, and by NASA’s
Mars Reconnaissance Orbiter (MRO) launched in
2005, have shown that the red planet’s surface is far
more dynamic than previously imagined. In particular,
the polar caps exhibit significant seasonal changes.
MRO includes an imaging spectrometer, CRISM [2]
capable of resolutions of ≈20m, which can be used to
analyse composition properties of the icy surface. Mars’
south polar cap consists of a permanent 400km
diameter layer of solid CO2 and water ice [3].
“Swiss Cheese Terrain” (SCT) is one of the unique
surface features found only in the Martian South Polar
Residual Cap (SPRC). Its characteristic appearance
(consisting of flat floored, circular depressions) is
considered to be caused by seasonal differences in the
sublimation rates of water and CO2 ice [4]; scarp retreat
through sublimation may expose dust particles
previously trapped in the SPRC which can then be
analysed using spectroscopic techniques to establish
dust composition. Figure 1 shows typical SCT
morphology.

Figure 1: SCT sublimation features
(CTX:B08_012572_0943_XI)
Polycyclic Aromatic Hydrocarbons: The primary
motivation for this investigation is the detection of
polycyclic aromatic hydrocarbons (PAHs), a group of
chemical compounds consisting of benzene rings of
hydrogen and carbon [6]. PAHs are considered to be
important in theories of how life developed on Earth,
and the search for organic molecules on Mars is

important in ascertaining Mars’ past conditions, and
current habitability [7].
PAHs are abundant throughout the universe, and
have been found to coalesce in space within dust
clouds, [8] and have been detected on two of Saturn’s
icy moons, Iapetus and Phoebe [9]. The delivery of
complex organic compounds to established, habitable
planets via bolide impact is a very important concept in
astrobiology, and could be instrumental in explaining
abiogenesis. The ability to identify PAHs using remote
sensing could prove a critical tool in the search for
putative locations for extra-terrestrial organisms.
To date, the hypothesised connection of Martian
Swiss Cheese Terrain and the presence of PAHs has not
been systematically examined.
Methods: Only Full Targeted Resolution (FRT)
CRISM products have been considered for study to try
to maximise spatial resolution (~20m/pixel) of smallscale rim features. Analysis of the SPRC has been
carried out using HiRISE, CTX, MOC-NA and HRSC
imagery to better constrain regions of interest, and
select CRISM scenes for spectral analysis. 72 FRT
CRISM scenes were identified as containing SCT;
these were arranged into groups of stacked images,
resulting in 13 stacks each containing several FRT
scenes taken over a period of 3 Martian years, totalling
55 images, which could then be examined for temporal
and spatial spectral changes.
The CRISM Analysis Tool (CAT) plugin for ENVI
software was used to process the 55 CRISM scenes
with corrections for photometry, atmosphere, image
artefacts, ‘despiking’ and ‘destriping’, and to generate
summary products. 44 spectral summary products
based on multispectral parameters are derived from
surface reflectances for each CRISM observation that
can be used as a targeting tool to identify areas of
mineralogical interest for further analysis [10]. Those of
particular interest to this investigation are those which
highlight carbonate overtones, and CO2 and water ice,
in order to differentiate materials of astrobiological
interest from the bulk of the SPRC.
Pelkey’s summary products were utilized to create
RGB composite images of regions of interest to identify
regions of spectral difference around dust rims (figure
2).
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Figure 2: False colour visualization of CRISM
scene 00005D24. Red: CO2 ice, Green: H2O ice,
Blue: carbonate overtones
Regions of interest were then further analysed, with
dark rim and non-rim spectra compared with each other
(Figure 3).

Figure 3: Comparison of dark rim and non-rim
region of interest CRISM spectra
Spectral band computations were used to remove
the effects of CO2 and H2O ice from the spectra. The
“corrected” spectra were compared to labarotory data
for PAH signatures, and to CRISM mineralogical
spectral libraries to identify features.
Conclusions: There are clear spectral differences
between dust rims and non-rim regions, with indications of carbonate components within SCT dust rims.
CO2 ice signatures are a limiting factor in identifying
PAHs as the removal of CO2 ice spectra may also
remove subtle features in the 3.3μm region of CRISM
spectra. This project is ongoing, and in future more
detailed results will be presented. Work is currently
being carried out to look for compositional changes
over time in dust-rich regions, and how spectral
changes relate to dust content and morphological
processes.
Acknowledgements: The research leading to these
results has received partial funding from the STFC
“MSSL Consolidated Grant” ST/K000977/1 and partial
support from the European Union’s Seventh
Framework Programme (FP7/2007-2013) under iMars

7057.pdf

grant agreement n˚ 607379 and the first author is
supported by STFC under PhD studentship no. 526933.
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YEAR 3 GEOLOGIC MAPPING OF EASTERN COPRATES CHASMA (MTM -15057), MARS. M.
Chojnacki1, B. M. Hynek2-3, S. R. Black2-3, R. Thomas2, R. Hoover2, and J. R. Martin2. 1Lunar and Planetary Lab,
University of Arizona, Tucson, AZ, 85721(chojan1@pirl.lpl.arizona.edu); 2Laboratory for Atmospheric and Space
Physics & 3Dept. of Geological Sciences, University of Colorado-Boulder, Campus Box 600 UCB, Boulder, CO
80303.
Introduction: The eastern part of the Valles
Marineris and Coprates chasma, is fundamentally
important to our understanding of crustal formation
and modification processes as there is more crust
exposed here (>11 km) than perhaps anywhere on
Mars [1, 2]. These exposures are relatively
unobscured, partially due to the lack of interior
layered deposits that elsewhere mask wall contacts.
The primary objective of this 2013 PGG-funded
study is to produce a geologic map of the Coprates
chasma quadrangle (MTM-15057) at the 1:500,000scale that will be submitted for peer-review and
publication by the USGS.
Datasets: A 6 m/pix visible wavelength CTX
mosaic was used for the basemap. We supplemented
with 100 m/pix daytime and nighttime IR data from
THEMIS for morphology and thermophysical
properties, respectively. HiRISE coverage (Fig. 1; 25
cm/pix) exists for roughly 12% of the map region and
twelve HiRISE DTMs (1 m/post) are located in key
locales. HRSC stereo-derived DTMs (50 m/pix)
provide additional topographic information. Finally,
CRISM hyper- and multi-spectral cubes were
consulted for compositional information.
Mapping update: To date, we have drafted a
preliminary 1:500,000-scale geologic map (Fig. 2).
Plateau Units: Our plateau units above the canyon
rim are fairly consistent with unit boundaries defined
by Tanaka et al. [3] in the recent global map. The
oldest terrain occurs in the southwest/southcentral
area of the map and includes a portion of an ancient
volcanic edifice and degraded and structurallydeformed highlands. These are superposed by Late
Noachian highlands exhibiting terrain of mottled
albedo and varied topography. In places,
fluviolacustrine processes have modified this surface,
some of which show phyllosilicate signatures in
CRISM data [4]. The youngest plateau units are
smooth, lightly cratered terrains and are interpreted
as Hesperian-aged lava flows. Canyon Wall Units:
Mapping of canyon walls was initiated with the
construction of more than a dozen HiRISEbased stratigraphic columns supplemented by CRISM
analysis. In these, units show several classes of
mafic- and phyllosilicate-bearing surfaces [5–7].
Also, the intriguing phenomena of recurring slope
lineae (RSL) or potential salty water seeps have been

detected among central wall units [8] – our ongoing
analysis will attempt to correlate their occurrences
with lithologic map units. Canyon Interior Units:
Mapping of the interior has revealed a diversity of
units not resolved by previous efforts at coarser
scales [3] (see [9-10]). Fine-scale map areas:
Additionally, we have initiated three 1:25,000-scale
region of interest maps (Fig. 2). These sub-area maps
provide fine scale details of key areas that can then
be applied to the larger map region and are described
in further detail with prior presentations [9–11]. In
summary, the detailed mapping is revealing a long
and complex history for the formation and evolution
of the Coprates chasma. Full results will be presented
at the meeting.
Acknowledgements: Funding for this work came from
NASA PGG grant NNX14AN36G and ongoing support is
provided by the USGS mapping group. Students and staff
at the UA HiRISE Photogrammetry Lab are gratefully
acknowledged.
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584–586. [2] Beyer R.A et al. (2005) Icarus, 179, 1–23. [3]
Tanaka K.L. et al. (2014) Plan. and Space Sci., 95, 11–24.
[4] Weitz C. et al. (2014) Geophys. Res. Lett., 41, 8744–
8751. [5] Murchie S.L. et al. (2009) JGR-Plan., 114,
E00D06. [6] Flahaut J. et al. (2012) Icarus, 221, 420–435.
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Chojnacki M. et al. (2016) JGR-Plan., 121, 1204–1231. [9]
Hynek B. et al. (2015) Ann. Plan. Map. Meeting, Univ. of
Hawaii. [10] Chojnacki M. et al. (2016) Ann. Plan. Map.
Meeting, Flagstaff, AZ. [11] Martin J. et al. (2016) LPSC,
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Figure 1. HiRISE close-up views of Coprates map units.
a) RSL along Nectaris Montes massive spur units. b)
Canyon floor layered terrain, lower bedded units, and
mantling units. c) Upper bedded units along the N wall. d)
Noachian-aged light-toned plains intersecting older plains
1 units. See Fig. 2 for locations.
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Figure 2. Geologic map of Coprates chasma MTM -15057. Three 1:25,000-scale region of interest maps are
indicated with red boxes (see [11-13]). Plateau Units: Three highlands units are present with variable albedo and
degrees of sedimentary dissection and erosion. A single volcanic edifice exists in the southwest map area. Two
smooth, low-relief plains units are interpreted to be ancient lava flows with variable modification histories.
Younger dark and light toned plains units superpose the before aforementioned units. Several appearances of
catena units are located in the southwest, which may have smaller interior units of variable origin. Craters and
their ejecta occur across the map area. Catena Units: Numerous small units occur in Coprates Catena and are
described in [11]. Canyon Wall Units: Laterally continuous sequences occur with the upper bedded unit north
and south wall units. Bellow these are the massive spur units and occasional stretches of smooth wall units
dominate wall sections to the north, south, and those of Nectaris Montes. Isolated occurrences of an undivided
wall unit may also occur. These all override lower bedded units that are in contact with canyon interior units.
Canyon Interior Units: Interior units include: (1) rough canyon floors with hummocky textures and a sparse
crater distribution (> 1 km diameter); (2) smooth canyon floors with fractures, polygonal terrain, often heavily
cratered; (3) rough mounds or blocks, possessing spurs, talus, and occasional fine-layering; (4) flat mounds with
a smooth table-like morphology; (5) crater and ejecta materials; (6) crater interior deposits consisting of
hummocky materials; (7) volcanic edifices with small cone like structures; (8) layered terrain which are light in
tone, patchy, and distributed on canyon floors and walls; (9) landslide deposits of rugged, sometimes lineated
materials and varying runout distances; (10) aeolian dune deposits of low-albedo sand forming slip faces and
masking lower-lying units; (11) aeolian sand sheets of mid-toned fine materials without prominent duneforms;
(12) resistant mantling units of dark-toned, relatively thick (>5 m) flat deposits that retain small craters; (13)
blocky deposits of concentrated, small (<500 m) blocks or mounds.
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SPICE FOR ESA PLANETARY MISSIONS. M. Costa1, ESA/ESAC Camino Bajo del Castillo s/n, Ur. Villafranca del Castillo, 28692 Villanueva de la Canada, Madrid, Spain, marc.costa@esa.int.
Introduction: SPICE is an information system the
purpose of which is to provide scientists the observation geometry needed to plan scientific observations
and to analyze the data returned from those observations. SPICE is comprised of a suite of data files, usually called kernels, and software -mostly subroutines
[1]. A customer incorporates a few of the subroutines
into his/her own program that is built to read SPICE
data and compute needed geometry parameters for
whatever task is at hand. Examples of the geometry
parameters typically computed are range or altitude,
latitude and longitude, phase, incidence and emission
angles, instrument pointing calculations, and reference
frame and coordinate system conversions. SPICE is
also very adept at time conversions.
The ESA SPICE Service: The ESA SPICE Service (ESS) leads the SPICE operations for ESA missions. The group generates the SPICE Kernel datasets
for missions in operations (ExoMars 2016, Mars Express) missions in development (ExoMars RSP, BepiColombo, JUICE) and legacy missions (Rosetta, Venus Express). ESS is also responsible for the generation of SPICE Kernels for Solar Orbiter. The generation of these datasets includes the operation software to
convert ESA orbit, attitude and spacecraft clock correlation data into the corresponding SPICE format. ESS
also provides consultancy and support to the Science
Ground Segments of the planetary missions, the Instrument Teams and the science community. ESS
works in partnership with NAIF.
Status of the Kernel Datasets: The current status
of the SPICE Kernels datasets for the before mentioned missions will be described in this contribution.
In general, the ESS is reviewing the legacy and operational datasets and is developing the ones for the future
missions, the first reviews have shown that the Mars
Express and Venus Express kernels need to be updated
whereas the rest are in very good shape.
SPICE Kernels Archived in the PSA. ESS is also
responsible for the generation of PDS3 and PDS4 formatted SPICE Archives that are published by the PSA.
ESS in close collaboration with NAIF peer-reviews the
operational kernels for the PSA [2] to publish being
compliant with the Planetary Data System (PDS)
standards and uses them in the processes that require
geometry computations [3].
Extended Services: The ESS offers other services
beyond the SPICE Kernels datasets, such as configuration and instances for WebGeocalc and Cosmographia
for the ESA Missions [4].

SPICE-Enhanced Cosmographia. NAIF offers for
public use a SPICE-enhanced version of the open
source visualization tool named Cosmographia. This is
an interactive tool used to produce 3D visualizations of
planet ephemerides, sizes and shapes; spacecraft trajectories and orientations; and instrument field-of-views
and footprints. ESS Service provides the setup in order
to load the ESA Planetary Missions in Cosmographia,
this contribution will demonstrate its usage within the
ESA Planetary missions.
WebGeocalc. The WebGeocalc tool (WGC) provides a web-based graphical user interface to many of
the observation geometry computations available from
the "SPICE" system. A WGC user can perform SPICE
computations without the need to write a program; the
user need have only a computer with a standard web
browser. WGC is provided to the ESS by NAIF. This
contribution will outline the WGC instances for ESA
Planetary missions.
References: [1] Acton C. (1996) Planet. And
Space Sci., 44, 65-70. [2] Bessel, S. et al., (2017)
Planet. And Space Sci. (submitted). [3] Besse, S. et al.,
(2017) this conference. [4] Acton, C. et al., (2017)
Planet. And Space Sci.
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BUILDING A UNIQUE SCENARIO TO SUPPORT CROSS-MISSION SCIENCE WITH SPICE: THE
SIDING-SPRING COMET ENCOUNTER WITH MARS. M. Costa1, O. Witasse2, B. Sánchez-Cano3.
1
ESA/ESAC Camino Bajo del Castillo s/n, Ur. Villafranca del Castillo, 28692 Villanueva de la Canada, Madrid,
Spain, (marc.costa@esa.int) 2European Space Agency, ESTEC – Scientific Support Office, Keplerlaan 1, Noordwijk
2200 AG, The Netherlands (olivier.witasse@esa.int), 3University of Leicester, Department of Physics & Astronomy
University Road, Leicester LE1 7RH, United Kingdom
Introduction: On October 19th 2014, Mars experienced a close encounter with Comet C/2013 A1 (Siding Spring), at a distance of only 141,000 km, or one
third the Earth Moon distance. The gaseous coma
washed over Mars and Mars passed directly through
the cometary debris stream [1]. As a close encounter of
this type is predicted only once in 100,000 years, this
is likely the only opportunity for measurements associated with planetary/cometary encounters. This unique
event allows us to investigate the response of the Mars’
upper atmosphere to such a rare encounter, as this may
have implications for overall atmospheric evolution.
Additionally, one of the largest Coronal Mass Ejections (CME) of the current solar cycle hit Mars about
44 hours before the comet flyby, creating a strong perturbation in the system that, although somewhat diminished over the following hours, was still present during
the comet passage [2].
Building a unique scenario with SPICE: The
ESA SPICE Service (ESS) leads the SPICE [3] operations for ESA missions [4]. The group generates the
SPICE Kernel datasets for the Mars Express. The ESS
also provides consultancy and support to the Science
Ground Segments of the planetary missions, the Instrument Teams and the science community. In this
context, a multi-mission SPICE scenario has been built
in order to assist the studies of the Siding-Spring comet
encounter with Mars. This scenario contains the appropriate SPICE datasets of Mars Express, MAVEN,
Mars Odyssey and MSL missions. The particulars of
this scenario will be outlined in this contribution.
Four Spacecrafts and a Comet at once: The generated scenario has also been implemented in tools
provided by ESS to facilitate and support the science
data exploitation of this scenario [5].
SPICE-Enhanced Cosmographia. SPICE-enhanced
Cosmographic is an interactive tool used to produce
3D visualizations of planet ephemerides, sizes and
shapes; spacecraft trajectories and orientations; and
instrument field-of-views and footprints. A scenario
has been built that includes Mars Express, MAVEN,
Mars Odyssey and MSL information along with comet
Siding-Spring and which is also focused on the actual
operations that were carried out by Mars Express. This
complete operational scenario will be outline in the
contribution.

WebGeocalc. The WebGeocalc tool (WGC) provides a web-based graphical user interface to many of
the observation geometry computations available from
the "SPICE" system. A WGC user can perform SPICE
computations without the need to write a program; the
user need have only a computer with a standard web
browser. WGC is provided to the ESS by NAIF. This
contribution also presents the WGC instance to support
this scenario.
References: [1] Espley, J. R., et al. (2015) Geophys. Res.Lett., 42, doi:10.1002/2015GL066300. [2]
Witasse, O, et al. (2017) JGR, under review. [3] Acton
C. (1996) Planet. And Space Sci., 44, 65-70. [4] Costa
M., (2017) this conference. [5] Acton, C. et al., (2017)
Planet. And Space Sci. (submitted).
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A SYSTEMS ENGINEERING APPROACH TO PLANETARY DATA ARCHIVE DEVELOPMENT. M. K.
Crombie1, 1Indigo Information Services, LLC, Tucson, AZ (crombie@indiginfos.com).
Introduction: Since 1989, the Planetary Data System (PDS) has served as the archive for data products
produced by NASA planetary missions [1]. These archives, apart from sample return missions, are the mission’s final lasting scientific legacy. NASA requires
missions to archive raw and calibrated scientific instrument data and encourages archiving of derived data
products through language included in their mission Announcements of Opportunity (AO). NASA’s policy is
that all scientific mission data are in the public-domain
and are to be released to the public through a NASA approved-data archive within a specified timeframe, usually not more than six months after data collection [2,3].
AO specifications give proposers links to PDS
guidelines and standards for archive and data product
preparation. Through these links the PDS provides a
comprehensive set of standards that define the format,
documentation and peer review necessary to deposit
data products in the archive [4]. The mission-specific
Data Management Plan (DMP) is the method by which
proposers address AO specifications for description of
the end-to-end data management of the mission including data policy, access and archiving. The DMP sets the
stage for the project archive development lifecycle.
This abstract outlines a systems engineering approach to archive-lifecycle development from proposal
though archive delivery. The systems engineering approach looks at the archive as an integral part of the
complete mission system. Using this approach and the
process shown in Figure 1, the archive is developed in
Figure 1. Archive System Planning and Development
Process
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coordination with mission requirements, mission operational objectives, and the ground data-processing system. Archive development that is integrated into the
mission development process rather than as an afterthought, yields a more complete and comprehensive archive. By integrating the archive into the mission development process, investigation team members can provide insight and subject matter expertise during data
product definition and design to ensure that products
contain the correct information, are scientifically useful,
and can be correlated or combined with other mission or
outside data products.
Archive System Planning: The first step in the archive system planning is to identify all data management requirements within the AO. Each AO will have
specific requirements listed, but generally these will include items such as the selection of the NASA-approved
archive, inclusion of raw, calibrated and derived data
products, data formats, types and volumes, and delivery
latency. As the mission concept is formulated, Level-1
and Level-2 science requirements (Figure 1, box 1) are
developed to address the scientific objectives of the mission. Mission requirements are then evaluated against
AO specifications to ensure all specifications are met.
During this evaluation, the NASA-approved archive
should be selected, and if PDS, a discipline node contacted.
Once Level-2 science requirements are developed,
the data products necessary to meet these requirements
can be formulated. The data products that satisfy Level2 science requirements are often derived products that
require input or analysis of lower-level products. A
traceability matrix (Figure 1, box 2), a common systems
engineering tool, that shows the relationship of lowerlevel products to the Level-2 science requirement data
products can be used to develop the data product content
of the mission archive from raw to calibrated to higherlevel products. Once data product content is known, ancillary information necessary to document or interpret
those products can be outlined. The data product traceability matrix including ancillary information is then
used to develop the DMP.
Data Management Plan. The development of a project-level DMP (Figure 1, box 3) reduces mission risk
by organizing each phase of data archive development
from archive structure identification, data product development and documentation through peer review and
delivery. Risk reduction is accomplished by the early
planning and integration of the end-to-end data processing and data production procedures necessary to
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produce the data products that meet mission Level-2 science requirements. DMP concepts can also be used as
input for ground data system design and development.
A complete DMP contains a top-level description of
the mission data processing elements, their roles and responsibilities, and relationship to one another. There are
several ways to set up mission data processing, including centralized or distributed processing systems. Any
method can work, however there must be strong agreements within the investigation team on how, when, by
whom, and to what standard products are produced.
These agreements are documented in the DMP.
The DMP also outlines the relationship between the
mission and the PDS. It is essential for mission management to support the integrated archiving process and for
the PDS to have clear insight into the mission and archive development including product development, archive peer review and data delivery schedules. Finally,
as the mission and archive development process proceeds, the DMP is updated and expanded to document
changes and evolution of the data processing and archive systems.
Archive System Development: Once a mission is
selected the archive system can be fully developed per
the DMP, continuing the process shown in Figure 1. It
is essential that a Mission Archive Scientist be identified and incorporated into the science team. Early development should re-visit the first three steps of the process to ensure that the archive and data products are
compliant with mission requirements. The next step is
to develop an initial outline of the archive and the products and documentation to be contained within. The initial outline of the archive includes how data are to be
bundled, the collections of information within the bundles and the products within the collections. Once the
initial archive outline is complete, the format of products to be archived can be defined using information
from the data products traceability matrix.
Prototype archive and data product format development (Figure 1, box 5) is an essential part of the process.
Prototypes are delivered to the PDS for an initial archive
and data format peer review (Figure 1, box 6). This review happens early in the mission lifecycle. This step is
necessary to ensure that the proposed archive is complete, and designed to PDS4 specifications and best
practices. It also ensures that products either are or can
be made compliant with the archive standards before indepth development has started. The prototype archive
and data products are updated based on review results.
If necessary, a second review can be performed after
changes are made.
Data products that are produced by automated processing procedures are called “pipeline” products. Generally, these are raw, reduced and calibrated instrument
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data products that are produced by the same algorithms
throughout the mission lifecycle. The pipeline products,
including collection and bundle information are developed (Figure 1, box 8) and peer reviewed to meet mission requirements and PDS4 standards (Figure 1, box
9). Liens from these reviews are addressed (Figure 1,
box 10) before final acceptance. The lien resolution process can be iterative if necessary. High-level products
(Figure 1, boxes 11 and 12) follow a similar development path to pipeline products.
Once the final peer review liens have been resolved,
the pipeline and high-level data product production are
put under configuration control. Changes can be made
to the pipeline or high-level processes, but a changecontrol process is used to document and test the revisions. The scope of the change determines if additional
peer reviewers are required. The change control process
should be documented in a mission-to-PDS configuration control plan that sets the agreement on the processes and procedures used for configuration changes.
The configuration-controlled data processing pipeline is tested with real data, possibly collected during
flight calibration activities, to perform an end-to-end delivery test (Figure 1, box 14). This test mimics how data
will be delivered during nominal mission deliveries.
Any liens generated by this test are addressed (Figure 1,
box 15) through the configuration control process, and
implemented before nominal deliveries commence.
Finally, data are collected as the mission plan specifies and the archive is generated based on the delivery
schedule outlined in the DMP (Figure 1, box 16). The
archive is delivered to the PDS, where a final delivery
review (Figure 1, box 17) is conducted. Since the archive is configuration controlled, the delivery review is
a rapid validation rather than a full peer review. The
rapid delivery review allows the archive to be made
public (Figure 1, box 18) shortly after the archive is delivered to the PDS.
Conclusions: The systems engineering approach to
the archive planning and development process, including reviews, is general enough to be used as a guideline
for many missions. It can be used by both archive scientists and mission systems engineers to develop requirements, plan data products, write a DMP, influence
project ground system design, and design and develop
configuration-controlled data processing pipelines resulting in a complete mission science archive that preserves data for future generations.
References:
[1] https://pds.nasa.gov/about/about.shtml [2] New
Frontiers 4 AO (2016) NNH16ZDA008J. [3] Discovery
2014
AO
(2014)
NNH14ZDA014O.
[4] https://pds.nasa.gov/pds4/about/
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GEOLOGIC MAPPING OF THE SUMMIT AND WESTERN FLANK OF ALBA MONS, MARS. David A.
Crown1, Daniel C. Berman1, Thomas Platz1,2, Stephen P. Scheidt3, Ernst Hauber4, and Catherine M. Weitz1,
1
Planetary Science Institute, 1700 E. Ft. Lowell Rd., Suite 106, Tucson, Arizona 85719 (crown@psi.edu); 2Max
Planck Institute for Solar System Research, Göttingen, Germany; 3Lunar and Planetary Laboratory, University of
Arizona, Tucson, Arizona 85721; 4Institute of Planetary Research, German Aerospace Center, Berlin, Germany.
Introduction: This investigation employs imaging
and topographic datasets to produce two 1:1M-scale
geologic maps covering the Alba Mons summit (245255°E, 32.5-47.5°N) and western flank (230-245°E,
37.5-47.5°N). Age constraints are being derived from
detailed mapping of stratigraphic and cross-cutting
relationships combined with compilation and
assessment of crater size-frequency distributions.
Background: Alba Mons is a large, low-relief
volcano (1015 × 1150 km in planform; ~6 km relief)
with low flank slopes (~1°) [e.g., 1-5]. Studies of Alba
Mons using Viking Orbiter data described the summit
caldera complex, extensive lava flow fields on its
flanks and in the surrounding plains, and prominent
sets of graben that extend around the volcano from the
south and into the northern plains [6-15]. Dendritic
valley networks are observed on Alba Mons’ northern
flank; coupled with the volcano’s low relief, the valley
networks have been interpreted to indicate pyroclastic
deposits at the volcano’s base, suggesting that Alba
Mons may be a transitional form from the ancient
highland paterae to the prominent shield volcanoes of
the Tharsis region [8].
Data Sets and Mapping Methodology: Geologic
mapping of Alba Mons utilizes THEMIS, HRSC,
CTX, and HiRISE images supported by HRSC and
MOLA topography and compositional constraints from
CRISM. GIS software and analysis tools are being
used for the production of digital and hard copy USGS
map products. The map bases each include 6
1:500,000-scale Mars Transverse Mercator (MTM)
quadrangles. The geologic maps are being compiled at
1:1M scale; digitial map layers at 1:200,000-scale will
include detailed representations of volcanic, tectonic,
and erosional features and include point features that
indicate intersections between lava flows, valleys, and
faults.
Geologic Mapping-Objectives: Science objectives
for the Alba Mons summit region map area include
documenting the collapse and tectonic history of the
summit region and caldera complex, assessing
sequences of lava flow emplacement, and a search for
eruptive vents and pyroclastic deposits. Science
objectives for mapping the western flank include
expanding the total area and geologic settings over
which cross-cutting relationships between volcanic,
tectonic, and erosional features will be analyzed and
characterizing the types, ages, and sequences of lava

flows in order to document the volcanic evolution of
Alba Mons.
Geologic Mapping-Results: Initial mapping has
examined the caldera region in order to develop a
preliminary unit and symbol scheme [16-18], focusing
on intra-caldera flows and flows on the upper flanks of
the volcano extending from the caldera complex
(Figure 1). Alba Mons’ summit region exhibits several
overlapping depressions [9, 13]. The caldera complex
is 190 × 110 km across and contains a distinct smaller
(~65 km across) depression to the southeast with a
well-defined but scalloped rim [3]. The main caldera
rim is well-defined on its western side as prominent
terraced scarps and subdued to the east where it is
distinguished by arcuate graben. Differences in the
morphologic expression of depression rims within the
caldera complex and their floor deposits [see also 8-9]
suggest a complicated history of eruptive activity,
collapse, and modification. The SE collapse depression
appears to represent the last stage of collapse. Based
on recently mapped flow lobe patterns [17-18],
multiple sequences of lava flow emplacement have
occurred from a series of vents within the summit
region (Figure 1a).
Diversity in Alba Mons’ lava flows was
recognized in Viking Orbiter images, with a series of
different morphologies described [6-7, 14-15].
Preliminary mapping analyses using modern datasets
show a diversity in flow morphology consistent with
Viking studies and the potential for systematic
characterization of flow types and their spatial and
temporal relationships [19]. Mapping the locations of
discrete flow lobes (by observed flow fronts or the
distal extents of parallel lateral margins) demonstrates
that lava flows can be identified across the vast extent
of the western flank of Alba Mons (Figure 1c).
Adjacent
flank
surfaces
have
morphologic
characteristics that indicate the presence of additional
smaller lava flows with poorly defined margins.
Lava tube systems also occur throughout the
western flank, are concentrated in some locations, and
can extend for hundreds of kilometers (Figure 1c).
They are typically discontinuous and delineated by
sinuous chains of elongate depressions. Lava tube
systems include both prominent ridges with central
distributary features and lateral flow textures and more
subtle features denoted by a central distributary feature
within the flat-lying flow field surface.
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Preliminary mapping of erosional valleys indicates
that the northern flank of Alba Mons has been
significantly modified by fluvial processes, including
the formation of dendritic valley networks.
Relationships between individual valley segments, lava
flows, and graben are being used to assess the timing
of episodes of fluvial erosion.
Relative and absolute model age constraints for
individual lava flows and flow sequences are being
derived from mapping analyses through systematic
evaluation of stratigraphic and cross-cutting
relationships in combination with assessment of crater
size-frequency distributions [16-19]. Results to-date
using craters ~300 m and larger demonstrate that
distinct ages can be identified for different parts of the
western flank of Alba Mons (Figure 1b).
References: [1] Pike RJ (1978) Proc. LPSC 9th, 32393273. [2] McGovern PJ et al. (2001) JGR 106, 23,76923,809. [3] Plescia JB (2004) JGR 109, E03003. [4]
Whitford-Stark JL (1982) JGR 87, 9829-9838. [5] Watters
TR and DM Janes (1995) Geology 23, 200-204. [6] Carr MH
et al. (1977) JGR 82, 3985-4015. [7] Greeley RG and PD
Spudis (1981) Rev. Geophys. 19, 13-41. [8] Mouginis-Mark
PJ et al., (1988) Bull. Volc. 50, 361-379. [9] Cattermole P
(1990) Icarus 83, 453-493. [10] Schneeberger DM and DC
Pieri (1991) JGR 96, 1907-1930. [11] Mouginis-Mark PJ et
al. (1992) in Mars, Univ. Arizona Press, 424-452. [12]
Hodges CA and HJ Moore (1994) USGS Prof. Paper 1534,
194 pp. [13] Crumpler LS et al. (1996) in Geol. Soc. Spec
Publ. 110, 307-348. [14] Lopes RMC and CRJ Kilburn
(1990) JGR 95, 14,383-14,397. [15] Peitersen MN and DA
Crown (1999) JGR 104, 8473-8488. [16] Crown DA et al.
(2016) LPSC XLVII, Abstract #2383. [17] Crown DA et al.
(2016) AGU, Abstract #191193. [18] Crown DA et al. (2016)
PGM, Abstract #7031. [19] Crown DA et al. (2017) LPSC
XLVIII, Abstract #2301.

Figure 1. a, top) Initial geologic mapping
for Alba Mons summit region. Note flow
lobe orientations (as indicated by red lines
with arrowheads) suggest multiple
eruptive sources in caldera region. Base is
MOLA (128 pixel/deg) topography
merged with THEMIS IR daytime
mosaic. Image width is ~425 km; b,
middle) Crater size-frequency distribution
for a ~500 km2 test region on western
flank of Alba Mons that includes
distinctive tabular lava flows and lava
tube systems. Fit segments attributed to
flow emplacement (~2.7 Ga) and younger
resurfacing (~690 Ma); c, bottom)
Colored MOLA hillshade of Alba Mons
western flank map area (230-245°E, 37.547.5°N) showing lava tube systems (red
lines) and discrete flow lobes (red circles).
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WILL IT BLEND? GETTING SPICE-Y WITH DTMS AND PLANETARY VISUALIZATION L. M. Davis 1 ,
V. H. Silva, N. M. Estes, A.K. Boyd and K. S. Bowley, and the LROC Team, School of Earth and Space Exploration,
Arizona State University, Tempe, AZ 1 (ldavis@ser.asu.edu)
Introduction: The Lunar Reconnaissance Orbiter
several Blender settings, such as orientation and scale
Camera (LROC) Science Operations Center (SOC) team
of objects to match planetary bodies in view, and time
developed a tool to realistically animate terrain flyovers
per-frame allocation. These adjustments ensure comincluding spacecraft movement requiring a procedure to
patibility with SPICE position and orientation functions.
import regional and global digital terrain models (DTMs)
With the settings and scaling factors defined, standard
into Blender, an open-source 3D modeling and animation
SPICE calls generate position and orientation data for
program [1]. Realistic spacecraft movement is achieved
each frame in the animation sequence. For spacecraft
with position information from Spacecraft and Planetary
animation, the relative spacecraft position is scaled to
ephemerides, Instrument C-matrix and Event (SPICE)
the lunar radius, and the orientation angles are given by
kernels [2] and is ingested using the Blender applicaSPICE quaternions in the Blender scene; these data are
tion programming interface (API). With the DTM import
tied to the target Blender object as keyframes (Figure 1).
procedure, cartographically accurate, three-dimensional
Importing DTMs: Blender does not support 32-bit
renderings and animations are possible. While DTMs
TIFFs or Planetary Data System (PDS) IMG files, so
have been imported into Blender before, the methods
we convert the DTMs to 16-bit unsigned integer PNGs
generally required the use of version-dependent plugins
as a compromise between supported formats and verthat were specific to a single dataset. Because the procetical resolution. The DTM height, width, pixel scale,
dure outlined here does not require a plugin, it is more
and minimum and maximum elevations in meters are
likely to continue functioning as Blender is updated. Adcalculated with gdalinfo, and the DTM is converted by
ditionally, our procedure is not specific to LROC data,
gdal translate [3] into a 16-bit PNG using the minimum
and will work with any GDAL-readable DTM [3].
and maximum elevation values.
When a three-dimensional model is created, a raster
Importing SPICE: Spacecraft position and orientamatching the projection and extents of a DTM is imtion is determined during Blender animation using
ported into Blender with the ”Import Image as Plane”
SPICE. The Blender Python API provides scripting acmenu option. The orthorectified image that accompacess to Blender. With the Blender API and the LROC
nies each LROC DTM can be used; however, that image
Ruby SPICE wrapper [4], a suite of LROC scripts presometimes has visible seams or illumination that does
pare Blender to receive SPICE data, including adjusting

Figure 1: Sample frame showing the NASA LRO model position and orientation over the lunar surface at 2012-10-25
20:55:26 UTC as imported from SPICE into Blender.
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not highlight the desired aspect of the scene. In this
case, alternative textures include controlled mosaics or
global products reprojected to match the projection and
extents of the DTM by Lunaserv [6] or the ISIS program
map2map. Blender crashes sometimes if a scene is too
large in its virtual workspace (Blender units); to avoid
this issue, the DTM length in kilometers is entered in
the ”Plane Dimension” field. By doing so, one Blender
unit is equal to one kilometer, setting the horizontal scale.
Once the orthographic image is imported, the ”Subdivide
Surface” modifier segments the fixed plane into a flexible
mesh. Next, elevation is applied to the flexible mesh with
the ”Displace” modifier utilizing the 16-bit PNG DTM
as a heightmap. The strength of the displacement, or the
amount of relief in the model, is determined by the difference between the maximum and minimum elevations
calculated by gdalinfo in kilometers to match the horizontal scale (Figure 2). In the case of global scenes, the
GLD 100 DTM [7], in simple cylindrical format, is reprojected to a sphere for displacement. To prevent too
large of a scene for Blender to handle, global scenes
are scaled such that the Moon’s radius is equal to one
Blender unit, and the strength of the displace modifier
is scaled to match. For global scenes, any mosaic with
global coverage can be used (such as the LROC morphologic mosaic or the GLD 100 color shaded relief).
Rendering with LROC Processing Cluster: Rendering is conducted once a scene is animated with camera
motions, SPICE-based movement, high-resolution imagery, and a DTM. Rendering the video on a single highpowered workstation can take over 1200 CPU hours (50
days). Because of the creative nature of the editing process, there will be revisions in camera movement and
timing, so a lengthy turnaround time is impractical. Using Blender’s ability to render a single frame, the frames
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are dispatched to the job management software, Rector
[8], enabling those individual frames to process in parallel on the LROC processing cluster.
Utilizing the processing cluster in this way can expedite rendering a video by a factor of 30-500, depending
on the scene. The variability is due to memory usage: a
highly complex scene with very large images takes more
memory, thus fewer of those jobs can run in parallel on
the cluster than a scene that takes less memory.
Results: The DTM import procedure, SPICE import
tool, and rendering with the processing cluster enabled
the LROC team to create a series of educational videos
that explore geologic and exploration concepts intended
to be accessible to those without a strong lunar geology
background. The videos are effective as standalone educational tools or accompanying LROC featured image
articles [9].
Future Work: The LROC team plans to produce 360◦
and virtual reality videos with DTMs and Blender. Additionally, updates to the SPICE import script suite to
include other spacecraft and bodies will allow realistic
animations using other SPICE objects.
References: [1] Blender Foundation, 2016. [2] Acton,
C. H., (1996) PSS, 44(1):65. [3] Open Source Geospatial Foundation, (2017) GDAL Version 1.11.3. [4] Estes,
N. M., et al., (2017) Planetary Data Workshop, Abstract
#7022. [5] Robinson, M., et al., (2016) Icarus, 273.
[6] Estes, N. M., et al., (2013) textitLPSC 44, Abstract
#2609. [7] Scholten, F., et al., (2012) textitJGR: Planets, 117. [8] Henriksen, M. R., et al., (2013) LPSC 44,
Abstract 1676. [9] Estes, N. M., et al., (2012) Planetary
Data Workshop. [10] Davis, L. M., et al., (2017) LPSC
48, Abstract #2545.

Figure 2: Sample frame showing a mosaic of the Highland Ponds (42.5◦ E, 167.7◦ N) [5] displaced by its DTM in
Blender to create 3D terrain, image is approximately 15 km wide.
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Mastcam Stereo Analysis and Mosaics (MSAM). R. G. Deen1, J. N. Maki2, S. S. Algermissen3, H. E. Abarca4, N.
A. Ruoff5, 1Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr, Pasadena, CA
91109, Bob.Deen@jpl.nasa.gov, 2same, Justin.Maki@jpl.nasa.gov, , 3same, Stirling.Algermissen@jpl.nasa.gov,
4
same, Hallie.E.Gengl@jpl.nasa.gov, 4same, Nicholas.Ruoff@jpl.nasa.gov

Introduction: This abstract introduces the Mastcam Stereo Analysis and Mosaics (MSAM) task to the
planetary science community. MSAM is a new task
funded by the NASA PDART (Planetary Data Archive, Restoration, and Tools) program, which should
start in May 2017 (all dates are approximate).
MSAM will create higher-order data sets using all
available MSL Mastcam data, consisting of stereo processing results, terrain meshes, and three types of mosaics. The task will use the well-validated software
and procedures created by the Multimission Image
Processing Lab (MIPL) at JPL, which is used daily to
make Mastcam, Navcam, and Pancam products for
MSL and MER science and operations.
The results will be made available via PDS in a
format compatible with current Navcam images delivered to PDS (PDS 3/VICAR), but will be fully compliant with PDS 4. They should be available by July
2018.
With this abstract we solicit feedback from the
planetary science community (see the end).
Stereo Products: MSAM will process all of the
~11,900 Mastcam stereo pairs in PDS (as of Release
11). Products to be created include: decompanded
images, de-Bayered images, disparity maps, XYZ
point clouds, surface normals, range maps, slope maps,
slope aspects, stereo anaglyphs, and range errors.
These are all the same as what MIPL produces for
navcams and they are described in the camera SIS [1].
Examples of some of these are shown in Figure 1.
They can be visualized using the marsviewer program
[2].
Terrain Meshes: Terrain meshes will be made by
converting the XYZ point clouds into triangular facets,
using the image as a texture “skin”. They will be in
OBJ format, which is widely accepted by many 3-D
visualization programs (such as MeshLab [3]). See
Figure 2a.
Mastcam-Navcam Coregistered Mosaics: Sets of
Mastcam and Navcam frames from the same location
(including non-stereo images) will be combined into
cylindrical-projection mosaics. The Navcam frames
will serve as context images for the Mastcam frames
and all of them will be coregistered to reduce geometric seams. See Figure 2b.
Stereo Mosaics: Stereo mosaics will be made
from as many data sets as possible (excluding closeups of rover hardware, which are not conducive to ste-
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Figure 1: Examples of MSAM products (sol 735). a) original, b) decompanded, c) disparity, d) XYZ, e) range, f)
surface normal, g) slope, h) slope aspect (heading).

reo viewing). These can be viewed with either stereo
hardware or standard red/blue glasses. See Figure 2c.
Orthorectified mosaics and DEMs: Orthorectified mosaics provide a “true” overhead view of the
terrain by using XYZ data to remove layover effects
and parallax distortion. Along with these will be
coregistered Digital Elevation Maps (DEMs). See
Figure 2d.
Radiometric Correction: Independently, Jim Bell
of Arizona State University also had a PDART accepted this year to do radiometric processing of Mastcam
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Figure 2: Examples of MSAM mesh and mosaic products (sol 735 except c=121). A) Mesh in
3D viewer, b) Part of Mastcam-Navcam combination mosaic, c) Stereo anaglyph mosaic, d)
orthorectified mosaic.

data. We are planning to use his results for MSAM
processing, which will greatly improve the quality of
the mosaics and meshes. Although the details have not
yet been worked out, and it was not part of the MSAM
proposal, all parties are enthusiastic about making this
happen.
PDS Peer Review: The MSAM project will be
conducting a PDS Peer Review in the Dec 2017-Feb
2018 time frame. We are looking for reviewers. If
you are interested in helping us ensure the quality and
suitability of the MSAM data set, please contact us.
Feedback: We welcome comments, questions,
suggestions, or concerns from the planetary data community - soliciation of these is the primary purpose of
this abstract. If you have any, please contact the lead
author, Bob.Deen@jpl.nasa.gov.
References: [1] Alexander, D. and Deen, R.
(2013), MSL Software Interface Spec., PDS data set
MSL-M-NAVCAM-2-EDR-V1.0.
[2] http://pds-imaging.jpl.nasa.gov/tools/marsviewer/
[3] http://meshlab.sourceforge.net/
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Does PDS Need to Support a Medium Term “Archive”? R. G. Deen1, P. F. Penteado2, F. J. Calef III3, 1Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr, Pasadena, CA 91109,
Bob.Deen@jpl.nasa.gov, 2same, Paulo.Penteado@jpl.nasa.gov, 3same, Fred.J.Calef@jpl.nasa.gov.

Introduction: PDS is designed to be a long-term
archive (50+ years). As such, its holdings are limited
to static data.
Flight missions provide a lot of services while they
are active, both to the operations and science teams. In
the modern era, many of these services are implemented by servers, databases, or other interactive mechanisms. These resources can be considered a short-term
“archive”: they are available during the mission, and
sometimes 6 months to a year after end of mission to
support closeout activities.
Although some thought has been put into it (e.g.
[1]), nobody has convincingly figured out how to archive active software such as servers over such a long
time scale, given how the computer industry changes
over time.
This “white paper” poses the question: is there a
need for a medium-term “archive” in between these, in
the 5-10 year timeframe?
The Problem with Software: Software tends to
“rot” over time, becoming unsable as technology
marches forward. The display technology we at MIPL
(Multimission Image Processing Lab, at JPL) used in
the 1980’s for example, consisted of dedicated special
purpose frame buffers made by companies such as
DeAnza or IRIS, attached to VAX/VMS computers.
Code written to display on those computers is useless
today – the hardware no longer exists, and the software
was not standardized. 9-track tape drives were commonly used, which are virtually impossible to find
today. The Internet was in its infancy, with DECnet,
BITnet, and other networks competing for dominance.
Nothing written to those standards would be usable
today.
So it is simply not credible to imagine that software
or active servers in use today would still be usable in
the PDS’ 50+ year timeframe. Even given today’s
virtual machines, it has yet to be shown that the virtual
machine file formats in use today will stand the test of
time and still be runnable in that timeframe.
However, it is perfectly reasonable to assume that
current software can survive with little maintenance
over a 5 year or even 10 year timeframe.
Why Medium Term?: For most missions, interest
in their data is at its highest during and soon after the
mission ends. We assert (without proof) that the majority of science results come in the 5 to 10 year time
frame after a mission ends.

If one accepts this assertion, it stands to reason that
there is significant benefit to be had in making mission
data easy to use in the 5-10 year timeframe – exactly
when it is most feasible to do so given software rot.
Of course there will always be users looking at
very old data. We are not in any way proposing that
the long-term archive function of PDS be diluted or deemphasized. Long-term users of the data should be no
worse off than they are now. We are simply looking to
make the task easier for medium-term users.
In fact, long-term users may benefit as well. Even
if the servers no longer run, the source code should still
be available. Examination of it may help to understand
the data or mission better. Plus, a future mission revisiting the same body may wish to resurrect the services,
in which case preserving them (even in non-running
form) would be critical.
What Kinds of Services?: Most modern missions
have servers and software to access their data, which
would be of benefit to users after the mission ends.
We will discuss a few with which the authors are most
familar.
Marsviewer. This is a system consisting of data
servers coupled with a Java, JavaScript, or iOS client,
that allow easy browsing of data from MSL, MER,
Phoenix, and (soon) InSight and Mars 2020. It visualizes not only the image data but also the derived data –
XYZ, range, slope, etc. [2]
PLACES. This is an active database containing
MSL rover localizations – where the rover is at any
point. The data is extracted to the PDS archive now,
but the server provides additional functionality in
terms of coordinate translation services and maintaining user-created localizations that is not available in
the static data. [3]
MSLICE. This is the tool used by the science team
to command the instruments – but it also has a significant visualization component, which would be useful
after the mission ends. [4]
MMGIS. This GIS (Geographic Information Service) system is a series of programs, workflows, and
web-based interfaces to unite mission basemaps (orbital imagery) with science products and “quicklook”
instrument results in their proper geospatial context.
[5]
W10N (Webification). This is a general service that
provides Web-enabled access to resources. It is used
as a foundation for the Marsviewer services as well as
other uses. [6]
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JMars. This is a significant GIS system deployed
by Arizona State University. It may have achieved
enough success to be self-sustaining at this point. But
if ASU decides to no longer support it, it could be
picked up by PDS under this medium-term framework.
[7]
VICAR. While not a server, the image processing
software developed and used by MIPL (and recently
released Open Source) certainly constitutes a significant software suite. It is actually 50 years old as of last
year, and has been continuously maintained (although
there is no known 50-year old code left). There is no
indication this support will stop any time soon. But if
it were to, PDS could continue to offer it in Open
Source form as long as it keeps running for users. [8]
Cassini VIMS Data Server. This server has been
the primary source for science data used by the VIMS
team throughout the entire mission. It provides calibrated observations on-the-fly, controlled by user parameters. The pipeline itself is a combination of several independent libraries and custom software. The
VIMS operations team has been maintaining this server, but support will end in the near future as the mission ends.
Titanbrowse. A database and visualization service
originally developed for Cassini VIMS observations of
Titan, in order to provide queries based on the full hyperspectral dataset and arbitrary processing to generate
derived products and visuaizations on demand. Software of this kind can be applied to make any hyperspectral imaging dataset accessible, not just VIMS [9].
Cassini Image DataBase (IMDB). Used by the
Cassini ISS team as one of the primary references to
locate and visualize Cassini ISS data.
How Would This Work?: We do not claim to
have all the answers to this. However, in broad brush,
when a mission ends, part of the close-out activities
would be to package up relevant servers and software
into a virtual machine (VM) framework that could be
easily redeployed. The relevant PDS nodes would then
deploy these servers and keep them running as long as
they can without investing too many resources. We
are not suggesting that PDS maintain them forever;
that would constitute a long-term archive and be prohibitively expensive. The original authors could update the servers if they so chose. But the nodes could
do little fixes here and there, and simply keep the power on – a seemingly trivial thing that is quite hard to do
once the mission ends and nobody is paying the bill.
Additionally, if the code behind the servers can be
open sourced, it may be adopted by the community and
maintained that way. PDS could still host the servers
(since it has the data resources), accepting updates
from the community.
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Maintenance of the servers would be simpler than
during operations, for the simple reason that they are
not getting any new data. The ingest mechanisms,
often the most troublesome part for maintenance, are
not needed. Only the user-facing parts of the services
need to be maintained.
At some point, the service will become unmaintainable. Perhaps the JavaScript features the client
depends on become deprecated in modern browsers, or
the virtual machine format changes, or an unacceptable
security hole is discovered. When that happens, the
servers would simply be turned off, their medium-term
job done. Users would then have to revert to the current data-only long-term archive. However, the VM
images themselves, as well as the source code, could
still be available for download, in case users want to
try to fix it themselves.
Precedents: There are precedents for this concept.
The Imaging Node has already deployed the Java
Marsviewer client [2], along with the W10N server it
needs. Support for the Web and iOS versions is
planned. There is no expectation that these tools will
be available forever, but they are very useful to the
community now, which makes support worthwhile.
Because Marsviewer is multimission, and its missions
are still active, maintenance is not a concern at the
moment. But it is certainly not likely to be maintained
over a 50+ year timeframe.
In addition, this concept is applied in microcosm
within VICAR [8]. When missions end, potentially
useful code is simply left in place. It is built with each
release but is not otherwise maintained or tested. If the
code stops building (and it’s not a trivial fix), it is obsoleted at that point. Although application programs
are simpler than servers, the concept has proven to be
useful.
References: [1] Million, C.C. (2015), 2nd Planetary
Data Workshop, Abstract #7011.
[2] http://pds-imaging.jpl.nasa.gov/tools/marsviewer/
[3] http://pds-imaging.jpl.nasa.gov/data/msl/MSLPLC_1XXX/
[4] https://software.nasa.gov/software/NPO-45908-1
[5] Calef, F.J. et al, (2017), LPSC Abstract #2541.
[6] http://w10n.org/spec/w10n-v0.9-20131221.html
[7] https://jmars.asu.edu
[8] http://www-mipl.jpl.nasa.gov/vicar_open.html
[9] Penteado, P.F. (2016), 48th DPS, Abstract #123.43.
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GENERATING PHOTOMOSAICS OF SMALL BODIES IN PREPARATION FOR THE OSIRIS-REX
ENCOUNTER WITH ASTEROID BENNU. D. N. DellaGiustina1 C. A. Bennett1, D. R Golish1 and N. Habib1,
1
Lunar and Planetary Laboratory, University of Arizona, Tucson, AZ 85721. Email: danidg@orex.lpl.arizona.edu
Introduction: The primary objective of the Origins, Spectral Interpretation, Resource Identification,
and Security-Regolith Explorer (OSIRIS-REx) mission
is to return a pristine sample of carbonaceous material
from the surface of primitive asteroid (101955) Bennu.
Understanding the geological context of this sample is
critical to linking the nature of the sample to the global
properties of Bennu and the broader asteroid population [1]. This abstract presents image mosaicking of
small bodies that is being conducted to support the
primary objective of OSIRIS-REx. Image processing
techniques will be used to generate panchromatic image mosaics that will serve as basemaps for several
higher-level thematic maps of Bennu, including geological maps. These products will be essential for mission planning and evaluating the most scientifically
valuable site for eventual sample selection.
Methodology: The longitude-latitude-radius system is suitable for larger planetary bodies with sufficient convexity. Small bodies, however, are often irregularly shaped with regions that cannot be uniquely
addressed with longitude and latitude [2]. Using the
Integrated Software for Imagers and Spectrometers
(ISIS) 3 [3], the image processing team will develop
global and site-specific controlled mosaics using photometrically corrected panchromatic and color images
of Bennu. To support this work, ISIS3 has recently
implemented several new applications that better perform image projection for small irregular bodies. These applications allow direct use of 3D tessellated shape
models in place of an ellipsoid or rasterized digital
elevation model (DEM), providing a more accurate
projection of the image and estimate of the pixel size.
In preparation for encounter of OSIRIS-REx with asteroid Bennu, we are testing these improved capabilities along with recent enhancements to ISIS3 image
matching routines, such as findfeatures using NEAR
MultiSpectral Imager (MSI) data of Asteroid 433 Eros.
The photomosaic of 433 Eros mosaic described in
this abstract uses a Digital Shape Kernel (DSK) with
>3 million facets. A DSK is a tessellated plate model
format developed by NASA's Navigation and Ancillary Information Facility (NAIF), which allows SPICE
(Spacecraft, Planet, Instrument, Camera-matrix,
Events) geometry calculations to be performed on irregular bodies to a high degree of accuracy [4]. The
DSK used in this work was derived from the 2008
Gaskell shape model of Asteroid 433 Eros [5]. Using
the ISIS3 tool isisminer, images of Eros are culled
from the global dataset. Only data with favorable reso-

lution and illumination were selected as input to the
mosaic. Images are then globally controlled using the
image matching capabilities provided by findfeatures.
Finally, all data is photometrically corrected using the
Hapke model derived by Li 2008 [6] (Figure 1).

Figure 1. Simple cylindrical photometrically corrected
global basemap of Eros produced using recent improvements to ISIS3.
After production, the mosaic of Eros can be viewed
in 3D using Small Body Mapping Tool (SBMT). A
utility written by the OSIRIS-REx imaging team will
translate an ISIS3 cube into a file format compliant
with SBMT. Viewing the mosaic draped over a 3D
shape model provides a powerful tool for visualization
and subsequent thematic mapping (Figure 2).

Figure 2. Photometrically corrected image mosaic on
the 3D shape model displayed using the SBMT.
References: [1] Lauretta, D. S., et al. (2017) arXiv
preprint arXiv:1702.06981 (2017). [2] Nefian A. V. et
al. (2013) NASA/TM-2013-216538. [3] Becker K. J. et
al. (2013) LPS XLIV, #2829. [4] Acton, C.H. et al.
(2015) LPS XLVI, #1037. [5] Gaskell Eros Shape
Model V1.0. NEAR-A-MSI-5-EROSSHAPE-V1.0.
NASA Planetary Data System, 2008 [6] Li, J., et al.,
(2004), Icarus, 172, 415-431.
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Data visualization tools for the MAVEN mission. Alexandria DeWolfe,1 Bryan Harter,1 David Brain.1
1
Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, CO.

Introduction: The Mars Atmospheric and Volatile
Evolution (MAVEN) mission has been collecting data
at Mars since September 2014. We have developed a
set of web-based visualizations for exploring MAVEN
science data, available at the MAVEN public website
at: https://lasp.colorado.edu/maven/sdc/public/
Using the MAVEN Key Parameter data, a combined set of data from all instruments, we generate a
set of interactive plots using the Highcharts Javascript
plotting package. This allows users to plot multiple
quantities simultaneously, pan and zoom around the
data to explore regions of interest, and extract datasets
from the plots as displayed. Data is streamed to the
page using the LASP-developed LaTiS software. The
plots are built in JQueryUI panels, allowing users to
hide and rearrange panels to select and compare datasets of interest.

We have also been exploring 3D graphics as a way
to better visualize the MAVEN science data and models. We have constructed a 3D visualization of
MAVEN’s orbit using the CesiumJS library. The visualization is interactive, allowing rotation and zooming,
and playback of one day’s orbit at a time. We read in
data from the KP dataset to display MAVEN’s orientation and position, as well as the option to display selected science data sets and their variation over time.
The M-GITM model can be overlaid on the planet as
well.
We are currently adapting the Cesium 3D display
for the MMS mission, in order to display the 4 spacecraft in formation around Earth. We can read in SPICE
kernels to provide ephemeris and pointing data. Future
plans include options to display instrument field-of-

view, and adaptation for other missions beyond
MAVEN and MMS.
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MAVEN data analysis and visualization toolkits. Alexadria DeWolfe1, Bryan Harter1, David Brain1, Michael
Chaffin1, 1Laboratory for Atmospheric and Space Physics, University of Colorado

Introduction: The Mars Atmospheric and Volatile
Evolution (MAVEN) mission has been collecting data
at Mars since September 2014. The MAVEN Science
Data Center has developed software toolkits for analyzing and visualizing the science data. Our Data Intercomparison and Visualization Development Effort
(DIVIDE) toolkit is written in IDL, and utilizes the
widely used “tplot” IDL libraries. Recently, we have
converted DIVIDE into python in an effort to increase
the accessibility of the MAVEN data. This conversion
also necessitated the development of a python version
of the tplot libraries, which we have dubbed “Pytplot”.
DIVIDE Toolkit. DIVIDE allows users to download and read in MAVEN data, and provides procedures for manipulation and analysis. It also allows
visualization of the data in 1D, 2D, and 3D plots. This
toolkit primarily utilizes the the MAVEN key parameter data set, which are derived from level 2 data from
all instruments onboard the spacecraft. DIVIDE is
available on the MAVEN Science Data Center’s website:
https://lasp.colorado.edu/maven/sdc/public/pages/softw
are.html

Pytplot. Pytplot provides the core visualization
routines for the python version of the DIVIDE software, though it can also be used as a standalone toolkit.
We have replicated all of the basic tplot functionality
in Python, and use the bokeh and matplotlib libraries to
provide additional functionality beyond the capabilities
of IDL graphics. Pytplot allows scientists to read in
spacecraft data from a variety of missions, store the
data in a common format, and display the data with
several different types of interactive plots. Our software
is
available
on
Github:
https://github.com/MAVENSDC
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JMARS – Remote Sensing Visualization and Analysis for All Planetary Bodies S. Dickenshied1 , S. Anwar1, D.
Noss1, W. Hagee1, S. Carter1, K. Rios1, P. Wren1, M. Burris1, 1Mars Space Flight Facility, 201 E Orange Mall, Arizona State University, Tempe, AZ 85287 USA
Introduction: JMARS is a geospatial information
system developed by ASU's Mars Space Flight Facility
to provide mission planning and data-analysis tools for
NASA orbiters, instrument team members, students of
all ages, and the general public. Originally written as a
mission planning tool for the THEMIS instrument
onboard Mars Odyssey, JMARS has since been released to the science community and the general public
as a free tool to quickly locate and view planetary data
for Mars, the Moon, Vesta, Ceres, Mercury, Earth,
Europa, Phobos, Deimos, and many of the outer planet
moons and asteroids as meaningful data becomes
available.
JMARS is actively used as a mission-planning tool
for NASA instruments orbiting Mars and the Moon and
is being used to target all of the science instruments on
the OSIRIS-REx asteroid sample return mission.
JMARS is also used as a visualization tool by numerous current and future NASA missions including
THEMIS, MRO, LRO, Dawn, and OSIRIS-REx.
The public version of JMARS offers quick access
to thousands of maps and millions of individual images
collected from planetary missions. These images can
be easily located by geographic area or filtered down
based on any number of scientific parameters, then
viewed in situ without excessively large downloads or
extensive knowledge of planetary data formats.
Numeric data is preserved in JMARS whenever
possible, allowing the user to draw a profile line to
quickly plot elevation, mineral abundances, and temperature data, or project an entire scene over available
topography to create a 3D image. Vector data can be
imported or created on the fly, then combined with
numeric maps to calculate and report separate values
for each shape.
If the built in analysis features are insufficient,
JMARS provides a quick link to the official repository
for each image, allowing the user to download and process data on their own.
Recent effort has led to support for complex planetary shape models such as Itokawa, Phobos, and Bennu, and the ability to drape any JMARS data onto a full
3D view. JMARS has also added significant support
for the SHARAD radar dataset and will be expanding
this functionality as additional data becomes available.
JMARS is actively supported and can be used as a
means of making data related to published scientific
papers available for use by the scientific community.
References: [1] Christensen, P.R.; Engle, E.;
Anwar, S.; Dickenshied, S.; Noss, D.; Gorelick, N.;

Weiss-Malik, M.; JMARS – A Planetary GIS, AGU
2009, Abstract IN22A-06
Acknowledgements: JMARS is funded in part by
the Mars Odyssey project, the Mars Program Office,
and people like you.
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THE USER EXPERIENCE: DEVELOPING AN INTEGRATED PHOTOGRAMMETRIC CONTROL
ENVIRONMENT (IPCE) FOR PLANETARY MAPPING. Kenneth L. Edmundson1, B.A. Archinal1, J.C. Backer1, J.M. Barrett2, K.J. Becker1, T.L. Becker1, J.P. Bonn1, D.A. Cook1, M.A. Hahn1, I.R. Humphrey1, S. Lambright3,
E.M. Lee2, J.A. Mapel1, K.A. Oyama4, A.C. Paquette1, M.R. Shepherd1, S.C. Sides1, T.L. Sucharski1, and L.A.
Weller1, 1Astrogeology Science Center, U.S. Geological Survey, Flagstaff, AZ, USA, 86001,
(kedmundson@usgs.gov), 2USGS Retired, 3Tableau, Seattle, WA, USA, 98103, 4Naval Surface Warfare Center,
Port Hueneme, CA, USA, 93043
Introduction: The photogrammetric control process consists of two basic steps: image measurement of
tie and control points followed by the least-squares
bundle adjustment (BA). The BA improves image position and pointing parameters and generates the triangulated ground coordinates of tie and control points
[1]. The accurate determination of image position and
pointing is essential to create mapping products such
as digital image mosaics (DIMs) and digital elevation
models (DEMs).
Describing the control process in two steps is a
gross oversimplification. In practice one measures images; bundle adjusts; analyzes results; fixes errors;
adds/removes images, image measurements, or ground
points; fine-tunes settings; re-measures; re-adjusts; and
repeats as necessary. The workflow is complicated and
the tasks complex. It is not trivial to produce intuitive,
user friendly software for photogrammetric control.
The Integrated Software for Imagers and Spectrometers (ISIS3) is developed and maintained by the
U.S. Geological Survey Astrogeology Science Center
(ASC) for the cartographic and scientific analysis of
planetary image data [2]. The rigorous photogrammetric control of planetary images is fundamental to

ISIS3. Many standalone applications are required. Repeatedly opening and closing these applications, storing and re-loading data all the while, can be errorprone, inefficient, and costly.
The User Experience (UX): The ASC is developing in ISIS3 an interface offering a seamless, efficient,
more intuitive, and cost-effective approach to the photogrammetric process by integrating all aspects of the
process into a single environment [3]. It is called the
Integrated Photogrammetric Control Environment
(IPCE). The risk of user error is reduced through simplified data management and the ability to interact with
multiple, integrated windows into the data and processing results (Figure 1).
The ISIS3 Bundle Adjustment: The ISIS3 BA
runs both in IPCE and as a standalone application
called jigsaw [4]. A number of improvements to the
BA have recently been implemented. Images from
different sensor types can be adjusted together and
images can be weighted differently. The BA runs in a
separate thread from the IPCE GUI, allowing the user
to continue working during the run. We can now solve
for target body parameters (e.g. pole position, spin
rate, radii) and have published preliminary results ob-

(b)

(a)

(d)

(e)

(c)

Figure 1: IPCE interface screen capture showing (a) project tree, (b) footprints (with tie and ground control points overlaid), (c)
image display, (d) control point editor, and (e) image measurement thumbnails.
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tained in processing a global network of Enceladus
consisting of Cassini ISS images [5].
We are implementing piecewise polynomials in
ISIS3 and the BA to represent the position and attitude
of images from time dependent sensors (e.g. line scanners, radar). Currently position and attitude are modeled as single polynomial functions of time. Low-order
polynomials cannot accurately represent complex
spacecraft motions induced by, e.g., thruster firings,
operation of other instruments, or anomalous events.
Modeling such motion requires high-order polynomials, but these can cause instability in the BA. A piecewise polynomial model in which the image is divided
into segments, each with a low-order polynomial, offers a better approach (Figure 2) [6].
Future Work: General plans include incorporating
improved automated image measurement and matching
methods into IPCE (e.g. [8]); adding further analysis
and visualization; and adding the ability to write updated NAIF (Navigation and Ancillary Information
Facility [9]) format image position and pointing kernels. BA plans include sensor self-calibration, free
network adjustment, imposition of conditions between
sensor parameters, variance component estimation,
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improved outlier detection, sequential estimation, and
solving for target body libration. We plan to implement
the rigorous adjustment of laser altimeter (LA) and
image data within the BA (e.g. [10]). This will make
possible the generation of improved sensor models,
image position and pointing information, and LA data
sets. It enables production of higher quality digital
terrain models that will facilitate landing site mapping,
providing a greater margin of safety for surface operations on manned and robotic missions.
Acknowledgements: This work is funded by a
NASA Interagency Agreement.
References: [1] Brown, D.C. (1958) RCA Data
Reduction Technical Report #43. [2] Sides, S., et al.
(2017) LPS XLVIII, Abstract #2739. [3] Edmundson,
K.L., et al. (2015) LPS XLVI, Abstract #1454. [4] Edmundson, K.L. et al. (2012) ISPRS Annals, I-4, 203208. [5] Becker, T.L., et al. (2016) LPS XLVII, Abstract #2342. [6] Poli, D. (2005) Dissertation #15894,
ETH Zurich. [7] Gaddis, L.R., et al. (2016) LPS XLVII,
Abstract #1504. [8] Becker, K.B., et al. (2016) LPS
XLVII, Abstract #2959. [9] Acton, C.H., et al. (1996)
Planet. Space Sci., 44(1), 65-70. [10] Wu, Hu, and
Guo (2014) Earth Planet. Sci. Lett. 391, 1-15.

Figure 2: Lunar mean Earth/polar axis system Z-coordinate of spacecraft position for Chandrayan-1 M3 image
M3G20090731T092152 [7]. This image has 30,154 lines and extends from latitude ~56S to ~87N, crossing the 0/360 longitude boundary near the pole. The blue curve is a single quadratic polynomial. The brown curve is piecewise continuous with four
segments. Each segment is a quadratic polynomial. Continuity constraints are imposed at segment boundaries. The RMS errors of
fit are ~91 km and ~2.8 km for the single and piecewise continuous curves respectively. These fits were performed after BA.
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RUBY SPICE WRAPPER. N. M. Estes, K. S. Bowley, V. H. Silva, and the LROC team, School of Earth and
Space Exploration, Arizona State University, Tempe, AZ (nme@ser.asu.edu)
Introduction: The Lunar Reconnaissance Orbiter
Camera (LROC) Science Operations Center (SOC)
developed a wrapper for the Navigation and Ancillary
Information Facility (NAIF) Spacecraft & Planetary
ephemerides, Instrument C-matrix and Event kernels
(SPICE) toolkit [1,2] enabling the use of the SPICE
toolkit in the Ruby programming language.
In programming, a “wrapper” is a library written to
allow access to functions in a different language. The
wrapper provides all necessary variable type changes,
error handling, and other steps necessary to convert a
function call and any returned value from the source
programming language to the destination language. In
this case, the Ruby SPICE wrapper performs this
conversion allowing calls from the Ruby programming
language to the C version of the SPICE toolkit.
Yukihiro “Matz” Matsumoto created Ruby with a goal
of making a programming language with a syntax that
felt more natural to the humans doing the programming
[3]. The Ruby language enables rapid software
development with a variety of high-level language
features that makes it advantageous for quickly
developing tools in support of LROC by developers,
researchers, and operations staff.

Development of the Ruby SPICE wrapper began before
the launch of the Lunar Reconnaissance Orbiter in 2009
and is still maintained today. The Ruby SPICE wrapper
works in all versions of Ruby and has been tested in
both Linux and OS X operating systems for the x86,
x86_64, and Advanced RISC Machine (ARM)
architectures (i.e. old PCs, new PCs/iMacs, and
Raspberry Pis).
Special Note on the ARM Architecture: Note that
ARM is not supported by NAIF, so testing is strongly
advised before relying on any calculations done by the
ARM version of the Ruby SPICE wrapper. The LROC
SOC has successfully used the ARM version on
multiple generations of the Raspberry Pi computer
platform, such as on the portable “Where is LRO?”
display (Fig. 1), but due to the complexity of floating
point math in the ARM architecture, results may vary
on a case-by-case basis. A compiled version of the
SPICE library for ARM is included in the Ruby SPICE
wrapper for convenient installation on Raspberry Pi [4]
or compatible hardware.
Development: The Ruby SPICE wrapper is written
using the C language version of the SPICE toolkit
provided by NAIF. The original goal of the wrapper
was to support the LROC SOC team, therefore only a

Figure 1: Screenshot from portable "Where is LRO?" calculating LRO's position using the Ruby SPICE wrapper on
a Raspberry Pi.
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subset of the SPICE toolkit functions are currently
available in the wrapper (List 1). Most SPICE functions
are straightforward and can be added to the wrapper
quickly. There are also convenience functions to
convert between Ruby time objects and ephemeris time.
SPICE errors are captured and returned as Ruby
exceptions, therefore all normal error handling code in
Ruby will function with the SPICE wrapper without
issue. Each function within the wrapper ensures type
safety and provides conversion between C and Ruby
variable types. The LROC SOC developers found that
certain errors, that were hard to diagnose, could occur
when UNIX process signals are received while inside a
SPICE function. To prevent these types of errors from
occurring, all process signals are masked during the
hand-off to the SPICE functions, and the original signal
mask is restored on return to Ruby.
Usage: The LROC SOC uses the Ruby SPICE wrapper
in the data processing pipeline to calculate geometry for
observations, and by many of the operations tools any
time SPICE is needed but a compiled C application
would be too cumbersome to create and use. Since
development within the Ruby programming
environment is relatively quick (and easy to learn), the
LROC SOC operations staff uses the Ruby SPICE
wrappers for everything from quick one-off scripts, to
programs and scripts routinely used in both for
observation planning and in the processing pipeline.
The Ruby SPICE wrapper is also used by Lunaserv [5]
when calculating sub-solar points for the simple
day/night (spherical) and DTM-based illumination
layer types. Because of the accessibility of the Ruby
language, the Ruby SPICE wrapper is also used to train
new LROC SOC employees on SPICE basics.
Availability: The LROC Ruby SPICE wrapper is
available as open source software as a dependency of
the Lunaserv WMS software package. The wrapper is
packaged as a standard Ruby library (gem) for ease of
installation. The gem includes the compiled SPICE
library for Linux (x86 & x86_64), OS X (Darwin), and
Raspbian (ARM), but it can be compiled for other
architectures by specifying the location of the SPICE
library when installing the gem. The gem file for
installation and related documentation can be found at:
http:// lunaserv.lroc.asu.edu/downloads.html
Conclusion: Since its initial version in 2009, the Ruby
SPICE wrapper has enabled quick development of
scripts and tools using SPICE for the LROC SOC.
Currently, it enables developers, researchers, and
operations staff to focus on solving problems without
the overhead of working with a more complex
compiled language.
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References: [1] Acton, C. H.; Planetary and Space
Science; 44(1):65; doi:10.1016/0032-0633(95)00107-7;
1996; ISSN 00320633. [2] NAIF SPICE Toolkit
https://naif.jpl.nasa.gov/naif/toolkit.html [3] About
Ruby;
https://www.ruby-lang.org/en/about/
[4]
Raspberry Pi; https://www.raspberrypi.org/ [5] Estes,
N. M., et al.; LPSC 44; p. 2609; 2013.
• bodn2c
• latrec
• spkpos
• bodvcd
• lspcn
• str2et
• ckgp
• m2eul
• subpnt
• dpr
• m2q
• subslr
• eul2m
• mxv
• sxform
• furnsh
• pxform
• ucrss
• gdpool
• q2m
• unload
• getfov
• reclat
• vcrss
• gfdist
• recrad
• vdist
• gfoclt
• rpd
• vdot
• gfsntc
• sce2c
• vnorm
• gfsep
• scs2e
• vperp
• gftfov
• sctiks
• vsep
• gfrfov
• sincpt
• vsub
• ilumin
• spkcov
• wninsd
• kclear
• spkezp
• xf2eul
• ktotal
• spkezr
List 1: SPICE functions currently available in the
LROC Ruby SPICE wrapper.
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GEOLOGIC MAPPING OF CENTRAL VALLES MARINERIS, MARS, YEAR 4. C. M. Fortezzo1, A. L. Gullikson1, P. S. Kumar2, and T. Platz3,4; 1U.S. Geologic Survey, Astrogeology Science Center, 2255 N. Gemini Dr.,
Flagstaff, Arizona 86001 (cfortezzo@usgs.gov); 2National Geophysical Research Institute, Hyderabad, India; 3Planetary Science Institute, Tucson, AZ; 4Max Plank Institute for Solar System Research, Göttingen, Germany.
Introduction: Valles Marineris (VM) constitutes
the largest canyon system in the Solar System and has
a complex history. It consists of interconnected and
enclosed troughs that extend from the Tharsis volcanic
complex to the southern circum-Chryse outflow channels [1]. The central portion of VM (CVM, Fig. 1) includes the deepest of these troughs.
Within the CVM troughs occur the thickest exposed sections of (a) layered wall rocks on Mars,
mostly lavas and other early crustal rocks [2-3], and
(b) interior layered deposits (ILD), generally thought
to be of sedimentary or volcanic origin [4]. The trough
floors are extensively covered by landslides, fans, and
eolian deposits. In addition, they appear locally dissected by channel networks, denuded by possible
flooding process, and include patches of fractured terrain development.
The plateau surfaces that surround the troughs are
extensively cratered and modified by contraction
(wrinkle) ridges and extensional faults and grabens,
some of which are aligned with pit chains. The plateau
surfaces are covered by flow deposits including some
of possible volcanic and sedimentary origin.
Methodology: Using geographic information system (GIS) software, we are characterizing and mapping the distribution of materials and features exposed
within the canyons and on the plateaus surrounding
CVM at 1:1,000,000-scale, with drafting at 1:250,000scale using a linear vertex spacing of 500 m. We are
examining the timing relationships among unit outcrops and features through mapping (i.e., unit contacts,
marker beds, and unconformities) and crater densities.
For the latter, we are using CraterTools [7], a GIS addon, to count craters on discrete geologic materials, and
CraterStats [8] to plot ages [e.g., 9]. We used
LayerTools [10] to investigate if we could accurately
measure bedding orientations of the interior layered
deposits (ILD). Lastly, we are using CRISM-CAT in
IDL/ENVI to examine the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) spectra.
Datasets: The Mars Reconnaissance Orbiter
(MRO) Context Camera (CTX) mosaic provides
~95% coverage over the map area, with 99% coverage
within the troughs, at 6 m/pix. The Mars Express
High-Resolution Stereo Camera (HRSC) provides topography at 50 m/pix. Mars Odyssey THEMIS daytime and nighttime infrared controlled mosaics [11]
provide details at 100 m/pix. In addition, we also utilize Mars Global Surveyor MOLA data (460 m/pix),

MRO HiRISE images (≥25 cm/pix), where supportive,
and CRISM hyperspectral data, where applicable.

Figure 1: MOLA shaded relief (463 m/pix) overlying
THEMIS daytime infrared mosaic (100 m/pix) of the mapping region (0° to 15°S, -80° to -65°E) with nomenclature.

CVM Mapping results: We have identified eight
categories of material units, based on their typical geographical settings, geomorphic expressions, and geologic origins. Categories are made up of multiple map
units, subdivided by additional morphology criteria,
and by relative age. In addition, we are documenting
further temporal relationships within units, including
wall rock terraces and individual mass wasting lobes
within overlapping sequences. Temporal inferences
can be made based on (a) cross-cutting relationships
among outcrops of the same unit separated by internal
contacts and structures and on (b) dating of temporally
related features such as landslide alcove development.
The unit groups consist of: (1) Surficial materials
including low-albedo mantles, sand sheets, transverse
aeolian ridge fields, and dunes; (2) crater and ejecta
materials; (3) mass wasting typically proximal to canyon walls with geomorphology categorized using a
terrestrial scheme [11]; (4) catena materials, including
a floor and a wall unit, including incipient collapse features; (5) chasma floor materials consisting of eolian,
smooth, blocks, massifs, channel and flood deposits,
and cavi exposures of subsurface materials; (6) interior layered deposits within VM troughs that include

3rd Planetary Data Workshop 2017 (LPI Contrib. No. 1986)

upper, middle, and lower units with locations to be further refined where possible; (7) wall deposits consisting of a gullied and smooth; and (8) plateau materials
are three widespread plateau units, three fluvial terrace
units, flow materials, and a highland massif unit.
We have divided the mass wasting materials into
subgroups based on their geomorphology using the
terrestrial classification scheme in [12]. We identified
the following groups (subgroups in parentheses) in descending order of frequency: flows (debris, “earth”,
and solifluction), slides (rock planer, multiple rotation,
single rotation, debris, translational debris, and successive rotational), falls (rock, “earth”, and debris),
spreads (debris and rock), and topples.
Tectonic features include inferred grabens, normal
faults, and wrinkle ridges. Some ridges are differentiated as sinuous (possible inverted fluvial features),
curvilinear on landslides, and erosional geomorphologies (yardangs and massifs). Scarps are mapped at collapse margins, landslide heads and toes, and flow margins.
The tectonic feature mapping shows 5 generations
of graben development preserved on the plateau and
within the canyon walls: (1) oriented roughly NNESSW, mostly confined to Sinai Dorsa, surrounding an
ancient caldera; (2) circumferential to the alcoves in
southern Melas Chasma, possibly key to expansion of
these alcoves; (3) oriented roughly NNE- SSW, paralleling most of the wrinkle ridges, located in Thaumasia
and Lunae Plana, and in the Tithoniae Catenae region;
(4) oriented WNW-ESE and paralleling and bounding
the chasmata throughout the region, these graben are
prevalent on Ophir Planum, may be responsible for
canyon widening; (5) isolated to Ophir Planum, these
are curvilinear faults expressions that may be reactivations of older structures.
Additionally, a combination of boulder falls along
the canyon wall slopes, perceived younger faults and
fault scarps, and clusters of pitted domes on the floor
of all of Valles Marineris have been mapped to determine the extent, timing, and magnitude of geologically
recent marsquakes and tectonic activity. This work has
the potential to show that Valles Marineris has been
active recently, within the last 50Ma, and may still be
tectonically active.
We have used CRISM data to examine the mineralogy of the ILD in Hebes, Candor, Ophir, and Melas
Chasmata. The results are dominated by mono- and
poly-hydrated sulfates in the layered strata. We are
currently examining the plateau materials and wall
rock exposures with CRISM to compare to the ILD.
Crater Statistics: We have detailed crater counts
on a selection of mass wasting units located in eastern
Ius (1 age) and northern Melas Chasmata (3 ages), and
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on Ophir Planum (4 ages) and Coprates Labes (1 unit).
These ages (Table 1) are younger than those reported
in [13] by at least half. These data indicate that trough
expansion through mass wasting processes have been
important in the very recent history of CVM. For these
counts, we used CTX data which should have similar
resolutions to the Mars Obiter Camera used in [13] to
perform and report crater statistics, but with expanded
areal coverage. This work will be completed in May,
and results will be shown at this meeting.
Table 1: Ages from current and previously published work.
Age (Ma) Quantin ID Quantin Age (Ma)
Location
Coprates Labes
63
38
400
500-150
Ophir Labes 64-41
40 & 41
Ius Labes
412
25
>1000
1000 - >1500
Northern Melas 700-280
32 & 33

Detailed crater counts on the plateau units indicate
Thaumasia and Lunae to have similar primary emplacement ages (~3.75-3.6Ga) with Ophir indicating
a wider range of emplacement (~4.0-3.4Ga). The older
age in Ophir Planum is associated with an interpreted
ancient volcanic edifice and the younger age is associated with the faulted plateau units. Two resurfacing
periods are indicated by the crater statistics. The first
is 2.7Ga, 2.8–2.2Ga, and 1.9Ga and the second is geologically recent at 1.0Ga, 0.6-0.2Ga, and 1.3-1.0Ga in
Thaumasia, Ophir, and Lunae Plana, respectively.
Interior Layered Deposits: In an effort to subdivide the units of the ILD in CVM, we are using the
PDS available HiRISE images to determine bedding
orientations using the LayerTools [10]. This work will
establish overall trends that will be reported with
standard strike/dip symbologies on the map and provide a summary of the orientations of the features. Additionally, we will be using published orientations
[14,15] where HiRISE DTMs are unavailable.
References: [1] Lucchitta B.K. et al. (1992) in
Kieffer H.H. et al. (eds.) Mars, U. Arizona Press, p.
453-492. [2] McEwen A.S. et al., (1999) Nature, 397.
[3] Murchie S.L. et al. (2010) J. Geophys. Res., 114.
[4] Lucchitta B.K. et al. (1994) J. Geophys. Res., 99.
[5] Witbeck N.E. et al. (1991) USGS Map I-2010. [6]
Dohm J.M. et al. (2009) J. Volcan. Geotherm. Res.,
185. [7] Kneissl T. et al. (2010), Planet. Space Sci., 59
(11-12). [8] Michael G.G. and Neukum G. (2010)
Earth Planet. Sci. Lett., 294. [9] Platz T., et al. (2013),
Icarus, 225. [10] Kneissl T., et al. (2010) LPSC, Abst.
#1640. [11] Fergason R.L. et al. (2013) LPSC, Abst.
#1642. [12] Hungr, O. et al. (2014) Landslides,
11:167-194. [13] Quantin, C. et al. (2004) Icarus,
172 :555-572. [14] Okubo, C.H. (2014) USGS Map
SIM3309. [15] Kite, E. S, et al., (2016) J. Geophys.
Res.: Planets, 121.
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PRECISION POINTING RECONSTRUCTION AND GEOMETRIC METADATA GENERATION FOR
CASSINI IMAGES. R. S. French1, M. R. Showalter1, and M. K. Gordon1, 1SETI Institute, 189 Bernardo Ave
Suite 200, Mountain View, CA 94043, rfrench@seti.org

Introduction: During the 13 years that Cassini
has been in orbit around Saturn, it has taken nearly
400,000 pictures with the Imaging Science Subsystem
(ISS) Narrow- and Wide-Angle Cameras (NAC and
WAC); these images are freely available through
NASA’s Planetary Data System (PDS). Before an image can be used for research, two problems must generally be solved:
1) It is necessary to know precisely where the
Cassini camera was pointing in space at that
time. Approximate pointing information is
provided through SPICE C-kernels, but pointing errors can approach 0.04° (~100 NAC pixels), requiring the researcher to embark on a
labor-intensive and time-consuming process to
determine the correct pointing.
2) The image contents must be analyzed, and various metadata for each pixel must be computed. This metadata might include longitude and
latitude for a moon or planet, longitude and
radius for a point on the ring plane, or lighting
and viewing geometry such as phase, emission, and incidence angles.
The goal of this project is to solve both of these problems and publish the results, through the PDS, to all
researchers so that future work can be performed without wasting time repeating these extra steps [1].
Navigation Methodology: We use technology already developed to support Outer Planets Unified
Search (OPUS [2]), the PDS Ring-Moon Systems
Node search engine, to navigate each image. First,
based on available SPICE information, we predict
which objects will be present in the image. These objects may include stars, Saturn, moons, or rings. In
most cases, we generate a model of how the known
objects should appear and perform a 2-D correlation to
find the optimal offset that most accurately aligns the
model with the image. As necessary, we apply digital
filters and other techniques to make the various features easier to detect. When possible, we navigate the
images to an accuracy of ~1 pixel, but in all cases we
record the probable accuracy actually achieved.
Stars. Image navigation using stars is preferred
when available, as star positions are known with extreme accuracy. We use the UCAC4 and Yale Bright
Star catalogs [3,4], which together provide a database
of almost all stars to magnitude 16. We adjust apparent
star position for both stellar aberration and proper motion and also take into account smear caused by space-

craft rotation during long exposures. As a given star
pattern will always correlate with an image at some
offset, even if the image doesn’t contain any stars, we
also need to sanity-check the results. We do this by
performing aperture photometry on all matched stars,
comparing the measured brightness to the brightness
predicted by taking the black body spectrum from the
star’s spectral class and convolving it with instrument
and filter response curves. If the photometry does not
match within a reasonable error, the star navigation
fails and other techniques will be tried (Fig. 1).
Rings. Saturn’s rings are a complex dynamical system. Resonances, self-gravity wakes, and the effects of
embedded moonlets result in rings that are highly variable both spatially and temporally, and various illumination and viewing geometries make the same ring
features appear very different. To create a model of the
rings [5], we use all of the circular and near-circular
features that are known [6,7,8,9]. As the layout of the
rest of the rings is unknown, we must be careful not to
include more data than necessary in the model. Since
our correlation function is especially good at matching
edges, we mark the sharp edges of ringlets or gaps and
then shade the model away from each edge so that no
false sharp edges are introduced. If the resolution of
the image is better than the error bars on the known
features, we need to apply a Gaussian blur to both the
image and the model to allow the correlation to succeed; this results in navigation accuracy worse than the
desired ~1 pixel. This technique is especially important
for the outer edges of the A and B rings, which have
complex time-varying orbits and many up-close images (Fig. 1).
Icy Satellites and Saturn. Large bodies can be approximated by Lambert-shaded spheres when the images are taken from a sufficient distance. In these cases, correlation is simple and accurately matches the
sharp body limbs of the image and model. However,
when the body has insufficient curvature showing, is
taken at a scale where craters cause a notably irregular
limb, or is a close-up where no limb is showing, other
techniques must be used.
Our primary technique is “bootstrapping” [5] – the
use of images that can be navigated using limbs, stars,
or other techniques to provide additional information
that allows the navigation of otherwise unnavigable
images of the same object. In the case of icy satellites,
this additional information takes the form of reprojected maps of craters and other surface features. We au-
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tomatically create our own maps that are geographically precise as they are needed (Fig. 2). Different maps
are created for different illumination geometries because the shadowing of craters affects the image navigation.
The accuracy of the map is limited by the accuracy
of the navigation of the original seed images. Although
the images later navigated using surface features may
be much higher resolution, the navigation accuracy of
the resulting map can never improve. When a highresolution image is navigated using a low-resolution
map, both the map and the image must be blurred to
allow correlation to succeed. Any resulting reduction
in navigation accuracy is propagated to later images.
Bootstrapping is a sequential process. The addition
of images freshly navigated based on previous maps
permits the creation of new, more complete maps that
may permit the navigation of even more images. This
process continues as long as necessary.
The existing published maps of the icy satellites are
not suitable for our use for two reasons: they do not
have adequate geometric precision for image navigation, and they are not available for different lighting
geometries. Our own bootstrapped solutions are geometrically more precise, although we make no attempt
at obtaining photometric accuracy.
Titan. Navigation of images containing only Titan
provide a unique challenge because Titan’s dense atmosphere makes it “fuzzy” (with no sharp limb), the
atmosphere does not behave like a Lambert-shaded
sphere, and the visual properties of the atmosphere
change dramatically with filter. We have developed a
novel navigation technique that takes advantage of the
visual symmetry of Titan’s atmosphere to provide navigation along one axis, and a library of 1-D atmospheric profiles to provide navigation along the orthogonal
axis.
Geometric Metadata: In addition to the reconstructed pointing information, we intend to provide
geometric metadata for each pixel of each image in the
form of image backplanes. More than 90 backplanes
will be available. Some examples are:
• Identification of the frontmost body occupying
the pixel
• Latitude and longitude of the frontmost body, or
radius and inertial longitude in the ring plane
• Incidence, emission, and phase angles at the surface of the frontmost body or ring plane
Acknowledgments: We gratefully acknowledge
the support of NASA's Cassini Data Analysis Program
through grant NNX14AE23G to the SETI Institute.
References: [1] French, R. S. et al. (2014) DPS 46,
422.01. [2] Gordon, M. et al. (2016) DPS 48, 423.02.
[3] Zacharias, N. et al. (2013) AJ, 145(2). [4] Hoffleit,
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Figure 1: N1622036815_1, an image successfully
navigated with both stars (boxes) and a model of the
rings (shaded area top left).

Figure 2: A reprojected map of the surface of Rhea
automatically generated by the bootstrapping process.
Latitude runs up and down and longitude runs left and
right. The map is colored by which seed image was
used to provide the surface data.

3rd Planetary Data Workshop 2017 (LPI Contrib. No. 1986)

7060.pdf

INTRODUCTION TO PYSAT: A SPECTRAL DATA ANALYSIS TOOL FOR PLANETARY SCIENCE.
L.R. Gaddis1, J. Laura1, R.B. Anderson1, T. Hare1, R. Klima2, F. Morgan2, C. Viviano-Beck2, N. Finch3. 1 U.S. Geological Survey, Astrogeology Science Center, Flagstaff, AZ; 2Applied Physics Laboratory, Johns Hopkins University,
Laurel, MD; 3Northern Arizona University. (lgaddis@usgs.gov).
Introduction: The new Python Spectral Analysis
Tool (PySAT) is a software library to enable visualization, thematic image derivation, and spectral analysis of
planetary spectral data in a cross-platform, open-source
environment. PySAT is accessible via an Application
Program Interface (API) and two accompanying Graphical User Interfaces (GUIs). One GUI [1], addressed further here, is designed to support the use of hyperspectral
data from NASA Moon Mineralogy Mapper (M3) on the
ISRO Chandrayaan-1 mission and the NASA Compact
Reconnaissance Imaging Spectrometer for Mars
(CRISM) from NASA’s Mars Reconnaissance Orbiter.
The second GUI is underway for the analysis of point
spectrometer data with an emphasis on preprocessing
and multivariate analysis of Laser-Induced Breakdown
Spectroscopy (LIBS) spectra [2, 3]. The M3 thematic
product algorithms library consists of ~50 algorithms
[4] and the CRISM thematic product library has ~60 algorithms [5]; there is redundancy between these algorithms, but most are keyed to different wavelengths. PySAT delivers complex processing algorithms for
creating high-level thematic image products from archived PDS data, and frees planetary scientists from
the need to use expensive or closed-source software.

Figure 1. Prototype PySAT Library Oriented Architecture consisting of several extensible software modules.
Background: Spectral data ingestion, spectral analysis and product generation are supported by PySAT
through the implementation of functions such as continuum correction, noise removal, band depth, position and

shape analysis and derivation of related thematic products. PySAT leverages pre- and post-processing functionality of tools such as the planetary cartography tools
in ISIS3 (see http://isis.astrogeology.usgs.gov/, [6]) and
extends the basic band math capabilities to support more
sophisticated spectral analysis and derived product generation from spectral planetary datasets. The PySAT library is not coupled to a GUI and can be readily integrated into data processing workflows.
Python: Python (https://www.python.org/) exemplifies rapid code development, an iterative workflow,
and source readability. PySAT code is both Python 2.x
and 3.x compliant. Use of Python provides a rapid, interactive development environment that does not require code compiling. This environment fosters a simple
workflow (e.g., implement, test, refactor, utilize) that facilitates efficient code prototyping and delivery. For example, code can be rapidly developed and delivered
with loose requirement specifications, then iteratively
refactored with input from science users as needs are refined.
Several Python libraries are used in PySAT: (1)
NumPy (Numerical Python) and (2) SciPy (Scientific
Python), which provide a suite of numerical analysis
tools, access to the robust LaPack and Blas libraries for
linear algebra operations, as well as a range of additional mathematical functions, (3) Pandas for R style
dataframe representation and exceptional processing
performance, (4) SymPy for symbolic notation and
computation of mathematical operations, (5) GDAL
(Geospatial Data Abstraction Library) which provides
access to over 120 image data formats, including PDS3,
ISIS2/3, FITS, ENVI, JPEG 2000, PNG and TIFF [5],
(6) Matplotlib for data visualization, (7) PySide for access to the Qt Libraries, (8) Cython for automated Python to C compilation for code segments requiring the
highest performance, and (9) scikit-learn for machine
learning and multivariate analysis algorithms. Together
these libraries form a highly effective processing suite
for scientific data exploration, visualization, and analysis. These libraries, except for GDAL, PySide, and
scikit-learn, are core components of the Python Scientific computing stack and widely available on all platforms. The freely available Anaconda Python software
distribution mechanism simplifies installation of
GDAL, PySide and scikit-learn dependencies.
Development Paths: PySAT uses a code base with
high extensibility and a GUI to support visualization
and analysis of multi- and hyperspectral data. Implementation of PySAT follows 6 development paths: (1)
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implementation of a library of spectral analysis methods, analysis tools, derived product generation and supporting functionality (e.g., file input and output), (2)
creation of an automated test environment to support
validation and continuous integration testing, (3) tool
and derived product validation provided by M3 and
CRISM science team members, (4) user interface development and testing for a QGIS plug-in, and (5) delivery
of the source code, and precompiled binaries via the
USGS Astrogeology Github Page (and mirrored at
NASA’s Github archive), documentation via
ReadTheDocs, and all deliverables linked to the PDS
Imaging Node “Tools and Tutorials” site (see http://pdsimaging.jpl.nasa.gov/software/).
PySAT Library: The PySAT library is a set of classes, methods, and functions used to perform data visualization and analysis, create processing workflows, and
support the creation of stand-alone applications. This library provides analytical functionality to perform basic
processing tasks across multi- and hyperspectral instruments as well as specific functionality designed for the
M3 and CRISM instruments. All other associated products will leverage the PySAT library. Implementation
uses a Library Oriented Architecture (LOA), whereby
families of similar code are defined by a single ontology
and subset into a stand-alone open source package defined and managed by a unique software lifecycle plan.
The M3 and CRISM thematic product algorithms are
distinct, and exist within separate ontologies (Figure 1).
File I/O will be developed using the Geospatial Data
Abstraction Library (GDAL; [7]) and provides native
capabilities for common data formats noted previously.
PySAT supports extraction of metadata from both the
image data supplied and user-defined data (e.g., from a
tailored, text-based metadata file) so the addition of future datasets is straightforward.
Graphical User Interface (GUI): The graphical interface for point spectra is implemented using PyQT4
and is being developed in parallel to the interface for
orbital spectral data (Figure 2). The prototype PySAT
orbital data GUI is implemented using PySide (http://qtproject.org/wiki/PySide), a Python wrapper to the popular, cross-platform Qt library. This prototype has been
significantly expanded and embedded into the popular
Quantum GIS (QGIS) software package using their
plug-in architecture. QGIS is an industry-standard,
open-source GIS with a wide user base, planetary data
and projection support, a robust development community, and works across all modern platforms (Macintosh,
Windows, Linux, etc.). QGIS uses multi-threaded image rendering, allowing us to leverage high performance
GUI infrastructure for large planetary data products. For
example, we leverage the built-in QGIS support for
Open Geospatial Consortium (OGC) existing live mapping layers (see Astrogeology WMS Map Layers here:
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https://astrowebmaps.wr.usgs.gov/webmapatlas/Layers/maps.html) for use as a base image or spatial context
for spectral data analysis and visualization [8]. Future
extensibility is supported for use of spectral modeling
tools such as the Modified Gaussian Method (MGM;
[9]), the functionality to integrate and compare spectra
with spectral libraries such as those from the
NASA/Brown University Reflectance Laboratory (RELAB, [10, 11]; see http://www.planetary.brown.edu/relab/), or any other spectral data requiring visualization
and analysis.

Figure 2. Prototype PySAT orbital GUI, written in the
Qt package, showing M3 data for a lunar crater (frame
M3G20090205T074030_V01_RFL.IMG). Two additional views are shown: a continuum-removed spectrum
highlighting the 1- and 2-micron absorption bands and
a color view of the band depth centered at 1 micron.
Prototype: Prototype versions of both PySAT GUIs
are available on GitHub: The orbital data version and
the library for spectral extraction, manipulation, and visualization is online (http://github.com/USGS-Astrogeology/pysat) and the version for visualization and analysis of LIBS and other point spectral data also is
available (see https://github.com/USGS-Astrogeology/PySAT_Point_Spectra_GUI). Development and
implementation of orbital derived product creation is
underway and will be tested and validated by this research team before release (expected in late 2018).
References: [1] Gaddis, L. et al. (2017), 48th LPSC,
abs. #2548. [2] Anderson, R. et al. (2015), 2nd Planetary
Data Workshop, abs. #7053. [3] Anderson, R. et al., this
volume. [4] Moriarty, D. et al. (2013) JGR-P 118, 23102322. [5] Viviano-Beck, C. et al. (2014) JGR-P 119(6),
1403-1431. [6] Sides, S. et al. (2017) LPS XLVIII, 48th
LPSC, abs. #2739. [7] Mitchell, T. et al. (2013), Geospatial Power Tools, 338 p. [8] Hare, T. et al. (2007)
LPS XXXVII, abs. #2364. [9] Sunshine, J. et al. (1990)
JGR 95, 6955-6966. [10] Pieters, C. and Hiroi, T. (2004)
LPS XXXV, abs. #1720. [11] Milliken, R. et al. (2016)
LPS XLVII, abs. #2058.
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THE NASA PLANETARY DATA SYSTEM’S CARTOGRAPHY AND IMAGING SCIENCES
NODE AND THE PLANETARY SPATIAL DATA INFRASTRUCTURE (PSDI) INITIATIVE. L.R.
Gaddis, J. Laura, T. Hare, and J. Hagerty. U.S. Geological Survey, Astrogeology Science Center, Flagstaff,
AZ (lgaddis@usgs.gov).
Introduction: An effort currently underway
within the NASA-funded planetary research community is the Mapping and Planetary Spatial Infrastructure Team (MAPSIT, [1]). MAPSIT is a community assessment group organized to address a
critical lack of community-based strategic spatial
data planning for space science and exploration
(http://www.lpi.usra.edu/mapsit/). MAPSIT is
managed for NASA through the U.S. Geological
Survey’s (USGS) Astrogeology Science Center
(ASC) and the Inter-Agency Agreement for Planetary Spatial Data Infrastructure (PSDI) research
(NASA-USGS-PSDI-IAA, [2]). A new initiative
of NASA and USGS is the development of a PSDI
that builds on extensive knowledge from the terrestrial research community [3, 4]. PSDI is a
framework designed to enable the efficient discovery, access, and exploitation of planetary spatial
data to facilitate data analysis, knowledge synthesis, and scientific decision-making. Here we address the role of this PSDI in the context of ongoing work to archive and deliver planetary data by
NASA’s Planetary Data System, and in particular
the PDS Cartography and Imaging Sciences Discipline Node (aka “Imaging” or IMG).
IMG Background: The PDS Imaging Node is
a curator of NASA's larger digital image collections from past, present, and future planetary missions. Current IMG data holdings total ~975 TB
and they are projected to grow by ~200 TB each
year [e.g., 5]. IMG provides to the NASA planetary
science community the digital image archives, ancillary data, sophisticated data search and retrieval
tools, and technical expertise necessary to develop
and fully utilize the vast collection of digital planetary images of many terrestrial planetary bodies,
including icy satellites. Science expertise at IMG
includes orbital and landed camera instrument development, data processing, data engineering and
informatics, planetary remote sensing at UV to
RADAR wavelengths, and geospatial data analysis
and product development. Managed primarily at
the USGS ASC, IMG also leverages capabilities
and ongoing NASA-funded projects in planetary
nomenclature, software development (via the
ISIS3 software [6]), spatial data analysis, and nomenclature at that institution.

IMG focuses primarily on archiving, distributing, and making available data from past and present NASA planetary space missions. Extended
topics addressed by IMG include planetary geometric characterization and analysis, calibration,
detailed geometric and physical camera and instrument modeling and characterization, geographic
information systems, mosaicking and basemap
generation for planetary surface and orbital exploration, metadata harvesting and analysis, etc. By
leveraging institutional spatial data expertise and
activities in ASC and working closely with data
providers, IMG also provides access to data and
software that geometrically characterize and transform planetary images. Through collaborations between IMG partners at USGS and the Jet Propulsion Laboratory (JPL), and within projects and
mission operations at JPL, IMG provides software
tools and capabilities in response to research and
flight-project needs. Archival products of these activities are made available to users through PDS
IMG online data services.
PSDI Background: The PSDI framework is
intended to integrate people (developers and data
users), regulatory mechanisms and policies, data
access technologies, standards, and planetary spatial data. The PSDI addresses three issues often
seen among spatial data users. First, because data
collection can be prohibitively expensive, data reusability is a primary goal of the PSDI. Second,
development and delivery of highly usable, derived data products and tools to support users directly without having individual users gain the specialized expertise necessary to produce them independently. Third, the use of standards and standardized methodologies in the development and
sharing of tools and data will both benefit directly
from a well-characterized framework and simplify
integration of such products back into the PSDI.
The development and maintenance of three
types of foundational data products [7] are critical
to this PSDI: stand-alone data products, specialized products required for the derivation of other
data products, and highly usable products providing high science return across the broadest possible
user base. Because many of these elements have a
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long lead-time, the MAPSIT community is currently engaged in developing a roadmap to ensure
that the development of software, data products,
and processing capability keeps pace with the planetary research and exploration needs of NASA.
Leveraging available data and the most recent
technologies for data consolidation, delivery and
accessibility, the ultimate goal of a PSDI is to provide seamless discovery, access, and exploitation
of spatially enabled data for all data consumers
without any predetermined requirement of spatial
data expertise through the use of cutting edge technologies, standards, and transparent policy initiatives. Key aspects of the PSDI framework are its
abilities to adapt and respond quickly to changing
user needs by building on existing NASA capabilities in planetary data archiving and spatial data
product development.
The PDS Foundation for a PSDI Framework: As the primary archive for planetary digital
data, the PDS plays a critical role in laying the
foundation for the development of a PSDI, and also
in the ultimate success of such a PSDI. In part this
role is achieved by recognizing that the fundamental goals of the PDS and PSDI are complementary.
PDS emphasizes the archival and long-term preservation of fundamental planetary data products, and
these include raw and low-level data products as
well as higher level products developed by missions and resulting from exploration, science, mapping and cartography research.
PDS IMG, along with other discipline nodes in
the PDS, has developed a variety of specialized
and sophisticated data delivery services to support
users. For example, a user can conduct either a simple or complex data search using the Planetary Image Atlas (https://pds-imaging.jpl.nasa.gov ) or the
Planetary Image Locator Tool (PILOT, https://pilot.wr.usgs.gov/). The latter is integrated with the
planetary image processing package ISIS3 and it
allows users to select planetary image data, submit
them for cloud processing (i.e., map-projection)
using the Projection on the Web (POW) tool
(https://astrocloud.wr.usgs.gov/) and export them
in formats directly usable in common analytical
and visualization tool such as ArcMap or QGIS geographic information systems. Thus the user need
not understand the complex processing steps that
ISIS3 performs to create such usable products from
lower-level PDS data. For example, for such mapprojected products to become truly foundational,
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the high-level images require additional processing
to be properly adjusted as a collection (bundle-adjusted or controlled) to a foundational data set or to
become foundational data themselves. This level
of processing can be facilitated by PDS tools but is
currently beyond the scope of what PDS can support. However, once created such foundational
products can become part of the PDS archives
through geospatial data delivery services such as
the PDS IMG Annex (https://astrogeology.usgs.gov/pds/annex).
Summary: Although PDS, PDS IMG, and the
PSDI have the common goals of making data accessible and usable for NASA mission planning
and research, the implementations are distinct and
complementary. Although the PDS focus is on
long-term data availability and usability, the PSDI
framework is a living structure that addresses user
needs by leveraging the data within the PDS, using
current technologies to transform those data to
meet the standards and interoperability policies defined by the PSDI, and providing data access
mechanisms that can evolve rapidly and readily as
new technologies become available. The development of a strategic PSDI plan is foundational in realizing the ability to fully leverage NASA collected spatial data in the future. NASA plays a pivotal role in driving the development of a PSDI,
identifying policy alignment with existing SDI
mandates and filling policy gaps, and empowering
partners to codify a user-centered plan for spatial
data management. At present, the PSDI is in the
planning stages, with current emphasis on gathering community input through MAPSIT on user
needs, relevant standards for data delivery and
software development, necessary foundational
products and tools to develop them, and how the
unique planetary science aspects of the people,
standards, policies, data access networks and data
will need to be integrated.
References: [1] Lawrence, S. J. et al. (2016),
47th LPSC, abs. #1710. [2] Keszthelyi, L. et al.
(2017), this volume. [3] Laura, J. et al. (2017), Vision 2050, abs. #8110. [4] Laura, J. et al. (2017),
this volume. [5] Gaddis, L. and T. Hare (2015),
Eos, 96, doi:10.1029/2015EO041125. [6] Sides, S.
et al. (2017) LPS XLVIII, 48th LPSC, abs. #2739.
[7] Archinal, B.A. et al. (2017), 48th LPSC, abs.
#2286.
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PLANETARY NOMENCLATURE: AN OVERVIEW AND UPDATE. T. Gaither1, R. K. Hayward1,
J. Blue1, L. Gaddis1, R. Schulz2, K. Aksnes3, G. Burba4, G. Consolmagno5, R. M. C. Lopes6, P. Masson7,
W. Sheehan8, B.A. Smith9, G. Williams10, C. Wood11, 1USGS Astrogeology Science Center, Flagstaff, Arizona (rhayward@usgs.gov); 2ESA Scientific Support Office, Noordwijk, The Netherlands; 3Institute for
Theoretical Astrophysics, Oslo, Norway; 4Vernadsky Institute, Moscow, Russia; 5Specola Vaticana, Vatican City State; 6Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California; 7Universite de Paris-Sud, Orsay, France; 8Lowell Observatory, Flagstaff, Arizona; 9Santa Fe, New Mexico;
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Introduction: The task of naming planetary
surface features, rings, and natural satellites is
managed by the International Astronomical Union’s (IAU) Working Group for Planetary System
Nomenclature (WGPSN). The members of the
WGPSN and its task groups have worked since the
early 1970s to provide a clear, unambiguous system of planetary nomenclature that represents cultures and countries from all regions of Earth.
WGPSN members include Rita Schulz (chair) and
9 other members representing countries around the
globe (see author list). In 2013, Blue et al. [1] presented an overview of planetary nomenclature, and
in 2016 Hayward et al. [2] provided an update to
this overview. Given the extensive planetary exploration and research that has taken place since
2013, it is time to update the community on the status of planetary nomenclature, the purpose and
rules, the process for submitting name requests,
and the IAU approval process.
Status: There are currently 15,313 surface feature names in use (not including names that have
been dropped but retained in the database for reference). Table 1 shows the breakdown of the number of adopted surface feature names for each
body. A table showing the named rings and ring
gaps can be accessed at the following URL:
http://planetarynames.wr.usgs.gov/Page/Rings.
Planet and satellite names are listed here:
http://planetarynames.wr.usgs.gov/Page/Planets.

Table 1. Named Surface Features
System/Body
Mercury
Venus
Earth
Moon
Mars
Deimos
Phobos

Number of named surface
features currently in use
485
1,973
9,014 (1,955 proper names and
7,059 lettered craters)
1,827
2
20

Asteroids
Ceres
Dactyl
Eros
Gaspra
Ida
Itokawa
Lutetia
Mathilde
Steins
Vesta
Jupiter
Amalthea
Thebe
Io
Europa
Ganymede
Callisto
Saturn
Epimetheus
Janus
Mimas
Enceladus
Tethys
Dione
Rhea
Titan
Hyperion
Iapetus
Phoebe
Uranus
Puck
Miranda
Ariel
Umbriel
Titania
Oberon
Neptune
Proteus
Triton
Pluto/Charon

113
2
41
34
25
17
37
23
24
106
4
1
224
111
195
153
2
4
42
85
53
93
143
210
5
70
25
3
18
26
13
18
10
1
61
0*/0*
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* Official names are undergoing the approval process.

Purpose and Rules: Planetary nomenclature
is a tool used to uniquely identify features on the
surfaces of planets or satellites so they can be located, described, and discussed in publications, including peer-review journals, maps and conference
presentations. Approved names are listed in the
Transactions of the IAU [3] and on the Gazetteer
of Planetary Nomenclature web site [4]. Any
names currently in use that are not listed in References 3 and 4 are not official.
Planetary names must adhere to rules and conventions established by the IAU WGPSN (see
http://planetarynames.wr.usgs.gov/Page/Rules for
the complete list):
 Planetary names should be simple, clear
and unambiguous.
 Features should be named only when they
are scientifically significant and when the
naming is useful to the scientific and cartographic communities at large.
 Name duplication on two or more bodies
is discouraged, as is the use of the same
name for satellites and minor planets.
 Solar system nomenclature should be international in its choice of names.
 Names having political, military, or religious significance are not allowed.
 Commemoration is not a goal in itself, but
may be employed in special circumstances
and is reserved for persons of high and enduring international standing. Persons being so honored must have been deceased
for at least three years.
Submitting a Name Request: The gazetteer
includes an online Name Request Form
(http://planetarynames.wr.usgs.gov/FeatureName
Request) that can be used by members of the professional science community. A specific name may
be suggested for a feature, but the name is subject
to IAU review and there is no guarantee it will be
approved. A published reference is required for
each name (reliable web sites and scanned online
books are permitted). Suggested names must also
fit the approved theme for each feature type on
each
body
(see
http://planetarynames.wr.usgs.gov/Page/Categories).
Requests to name a crater specifically to honor an individual rather than for scientific needs are not accepted.

Before submitting a name request, the online
database and maps showing named features
(http://planetarynames.wr.usgs.gov/Page/Images)
should be consulted to confirm that the feature is
not already named. If a specific name is included
in the request, the database should also be checked
to ensure the name has not already been approved
for a different feature.
Name Approval Process: Name requests are
first reviewed by one of six task groups (Mercury,
Venus, Moon, Mars, Outer Solar System, and
Small Bodies). After a task group has reviewed a
proposal, it is submitted to the WGPSN. Allow
four to six weeks for the review and approval process, but more time may be necessary if the proposal is complicated or if questions are raised during the review process. Name requests should be
submitted well in advance of publication deadlines. Upon WGPSN approval, names are considered formally approved and it is then appropriate
to use them in publications. Approved names are
immediately entered into the database and shown
on the web site.
Summary: The IAU WGPSN supports ongoing planetary research, and the participation of
knowledgeable scientists and experts in this process is vital to its success. Questions about the nomenclature database and the naming process can
be sent to Rosalyn Hayward, USGS Astrogeology
Science Center, 2255 N. Gemini Dr., Flagstaff, AZ
86001, or by email to rhayward@usgs.gov.
Acknowledgments: Funding for T. Gaither
and R. Hayward has been provided by NASAUSGS PSDI IAA.
References: [1] Blue, J. et al. (2013) LPSC
XXXXV, Abstract #2178. [2] Hayward, R. K., et
al. (2016) LPSC XXXXVII, Abstract #1141 [3]
“Publications.” International Astronomical Union.
December 17, 2015. http://www.iau.org/science/publications/iau/transactions_b/. [4] Working
Group for Planetary System Nomenclature. Gazetteer of Planetary Nomenclature. International Astronomical Union. Dec. 17, 2015. http://planetarynames.wr.usgs.gov/.
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A PLANETARY DATA SYSTEM ARCHIVE OF LUNAR MAPPING AND MODELING PROGRAM
PRODUCTS. P. A. Garcia and C. E. Isbell (Astrogeology Science Center, U.S. Geological Survey, 2255 N. Gemini
Drive, Flagstaff, Arizona 86001, pgarcia@usgs.gov).
Introduction: NASA’s Lunar Mapping and Modeling Program (LMMP) was a Lunar Precursor Robotic
Program (LPRP) project tasked in 2006 by the NASA
Exploration System Mission Directorate (ESMD) Advanced Capabilities Division to create useful cartographic products, and visualization and analysis tools,
from past and more recent lunar datasets. Delivery of
these products was planned via the LMMP web portal
(http://lmmp.nasa.gov/) in support of the Constellation
Program (CxP) [1-9] as well as other research and potential lunar exploration activities. Primary LMMP
goals included providing high-resolution and cartographically controlled data sets for "...landing site evaluation and selection, design and placement of landers
and other stationary assets, design of rovers and other
mobile assets, developing terrain-relative navigation capabilities, and assessment and planning of science
traverses" [7]. For CxP, 50 sites of high scientific interest (CxP regions of interest or ROIs) were targeted specifically by the Lunar Reconnaissance Orbiter Camera
(LROC) to obtain high-resolution stereo image coverage so that intensive characterization of each site could
be conducted and the information delivered to waiting
exploration and science teams [4-6].
We are now preserving these important LMMP data
products and associated documentation within a Planetary Data System (PDS) archive. This effort will both
preserve and make more accessible the LMMP data
products, including controlled orthomosaics, digital elevation models (DEMs), and derived slope, hillshade,
and confidence maps for most of the 50 ROIs.
Significance of LMMP Data Products: The
LMMP data products are important resources in support
of current and future scientific research and exploration
activities on the Moon and other Solar System bodies.
The 50 ROI sites (details provided at workshop) were
identified by a Lunar Exploration Analysis Group
(LEAG) special action team [6]. Each ROI had scientific or operational characteristics that warranted its selection as a potential site for future robotic or human
landings. These sites remain of high science interest to
the international lunar science community. For example, detailed site characterization and analyses of remote
sensing data for the ROIs at former Apollo landing sites
contribute significantly to our understanding of regional
and local hazards [10], positions of artifacts and locations of critical components of the lunar geodetic network [11], geologic and geophysical context of samples
[12], effects of topography on remotely observed characteristics [13], communications requirements at landing sites [14], and the physical properties of soils [15].

Additionally, LMMP data products can provide valuable knowledge for future landing site planning, and development of surface operations maps on bodies other
than the Moon, including asteroids [16, 17] and satellites such as Phobos and Deimos. Finally, future proposals regarding high-interest sites such as the South
Pole-Aitken Basin on the lunar far side [18, 19] would
benefit from information contained in LMMP products,
including detailed information on the topography,
slopes and roughness of the surface, crater size and distributions, boulder populations, and hazard conditions
[20].
The LMMP Data Products: Several different types
of data products were produced for the ROIs under the
auspices of the LMMP. Institutions involved in the production of LMMP data products include the U. S. Geological Survey, University of Arizona, Arizona State
University, NASA Ames Research Center, and NASA’s
Jet Propulsion Laboratory. The LMMP data collection
includes regional and local visible wavelength image
base maps of the Moon derived from Lunar Reconnaissance Orbiter (LRO) Narrow Angle Camera (~50
cm/pixel), Apollo Metric Camera (~20 m/pixel) and
Apollo Panoramic Camera (as high as 1-2 m/pixel) data.
These high resolution controlled basemaps are essential
for visualization and mapping and modeling activities,
including orthoprojection of images onto DEM surfaces.
The LMMP collection also includes regional- and
local-scale DEMs for most of the 50 ROIs. Topographic
models provide visual elevation and slope references for
science support and mission planners and crew. In addition to the image base maps and DEMs, the LMMP generated products useful for assessing landing safety
and/or hazards at each site, including hillshade, slope,
and confidence maps. Because these data products are
geodetically controlled, the images and other relevant
lunar surface data products allow users to correlate at
known levels of accuracy the different types of information contained across the various data products.
The Archive Plan: A PDS archive provides public
access to both data products and accompanying ancillary support files. Archive content will be compatible
with the current PDS4 standards, ensuring the long-term
usability and preservation of LMMP products. The total
estimated digital volume of the select LMMP data products being archived is approximately 700 GB.
Data and Metadata Conversion. All archive products
will require descriptive PDS labels. For purposes of developing this archive, labels will be generated by parsing and utilizing existing metadata provided by the
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LMMP project. In addition, the LMMP products will require conversion from their existing data formats to
PDS4 compliant formats.
PDS label design and generation. PDS labels are required for describing the content and format of all data
products and ancillary files in an archive. PDS labels are
generated so as to identify and fully describe the organization, content, and format of data products, documentation, and accompanying ancillary information.
Documentation, Metadata, and Ancillary Files. Supplementary reference materials will be formulated and
included with the archive products, as required, to improve their long-term value. These documents augment
product labels and provide further information for understanding the data and accompanying materials. The
design requirements of the PDS4 data model result in
high level documentation and cataloging for all aspects
of the archive. This content also provides the mechanism by which these data will ultimately be ingested
into the PDS system to enable long-term preservation
and integrated search and retrieval capabilities via PDS
and other related web services [21].

Peer Review. A peer review will be conducted after
completion of the archive to ensure the data and supporting metadata are complete, scientifically useful, and
in compliance with PDS standards.
Data Delivery to the PDS and NSSDCA Deep Archive. The finalized archive will be ingested into the
PDS and a copy will be sent to the NASA Space Science
Data Coordinated Archive (NSSDCA) for deep archive
and long-term preservation.
Delivery Schedule: This two-year project began
with data conversion testing and preparation along with
initial documentation generation in the first year (2016).
Development of final products and full archive population are occurring now in year two. Full access to the
complete archive [22, 23] is anticipated for September
2017.
Acknowledgement: This work is supported by
NASA under contract (NNH14ZDA001N) issued
through the Planetary Science Division - Planetary Data
Archiving, Restoration, and Tools (PDART) Program.
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PHOTOMETRIC MODELING OF SIMULATED SURACE-RESOLVED BENNU IMAGES. D. R Golish1,
D. N. DellaGiustina1, B. E. Clark2, C. A. Bennett1, J-Y Li2, X-D Zou2, and D. S. Lauretta1, 1Lunar and Planetary
Laboratory, University of Arizona (dgolish@orex.lpl.arizona.edu), 2Department of Physics and Astronomy, Ithaca
College, 3Planetary Sciences Institute
Introduction: The Origins Spectral Interpretation
Resource Identification Security Regolith Explorer (OSIRIS-REx) is a NASA mission to study and
return a sample of asteroid 101955 Bennu [1].
Upon its arrival in late 2018, a series of observation campaigns will study Bennu with a suite of
instruments, including the OSIRIS-REx Camera
Suite (OCAMS). OCAMS is comprised of a trio
of cameras – SamCam for sample acquisition
documentation; MapCam for surface mapping,
and PolyCam for high resolution imaging. The
Detailed Survey campaign will capture images of
the surface over a range of illumination angles
with MapCam. These data will be used to develop
empirical surface-resolved photometric models of
Bennu at each of the observation wavelengths
(closely matching the ECAS b, v, w, and x bands,
as well as panchromatic). The models will be
used to photometrically correct panchromatic and
color basemaps, which can be used to compensate
for variations in images due to shadowed regions,
emission and incidence angle differences, and
surface reflectance, thereby minimizing seams in
mosaicked images. Well-corrected mosaics are
critical to the generation of the global hazard map
and the 1064 nm global mosaic – two data products that feed directly into the mission’s ability to
safely select and approach a sample site.

Simulated Photometry: Simulated MapCam imagery has been created to test the photometric
modeling pipeline. For this work, simulated images from the baseline mission plan for Detailed
Survey, with phase angles from 10 to 90°, are
used to derive empirical photometric models. A
sample simulated image from this phase is shown
in Fig. 1. Images are generated using the OSIRISREx Stereophotoclinometry (SPC) software suite
[2]. SPC assumes a Lunar-Lambert photometric
model, but the model parameters are unknown to
participants in this work. Solving for those parameters is therefore a blind test that will act as a
verification of the modeling process.

Figure 1. Simulated MapCam image of Bennu,
observed with an average phase angle of 45°, during the Detailed Survey mission phase.
Observation geometry of the simulated images is
calculated in Integrated Software for Imagers and
Spectrometers (ISIS) [3]. Mean reflectance, phase
angle, emission angle, and incidence angle are
calculated for each image. Plotting the relationship between these parameters, as shown in Fig.
2, demonstrates the coverage achieved by the current observation design.

Figure 2. Photometric coverage is evaluated by
plotting reflectance as a function of incidence,
emission, and phase angle (top row). Surface coverage is shown as a function of photometric angles (middle and bottom rows).
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Photometric Modeling: Analysis of this data is
performed using custom Interactive Data Language (IDL) programs that fit reflectance and observation geometry data with four photometric
models: Lommel-Seeliger, Minnaert, Modified
Lunar-Lambert, and Robotic Lunar Orbiter
(ROLO) [4]. The accuracy of the models is measured as the ratio of the reflectance predicted by
the model to the mean reflectance “measured” in
the images, as shown in Fig. 3 (for the LommelSeeilger model). Perfectly modeled data would lie
exactly on the blue line. Departures from this line
are indicative of flaws in the model. These flaws
are largely due to the model failing to capture reflectance variation as a function of emission and
incidence angle; phase angle variation is captured
very well.

Figure 3. Photometric modeling accuracy is
measured by calculating the ratio of predicted to
measured reflectance. Here the results of the
Lommel-Seeliger model are plotted.
Photometric Correction: The photometric models are used to photometrically correct simulated
imagery as an operational test of their utility. Two
example mosaics, shown in Fig. 4, were created
without photometric correction (top) and with the
Lommel-Seeliger model calculated from the simulated data (bottom). A perfectly corrected model
would show no terrain features or seams between
images. Uncorrected terrain and a bright equatorial band in the corrected mosaic indicate weaknesses in the model.
Future work: The photometric angle coverage
shown in Fig. 2 demonstrates a lack of phase angle diversity between 45 and 90 degrees. This will
feed back into mission planning and potentially
prompt additional observations to meet this need.
Further investigation is also required to determine
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if the imperfect photometric corrections are a result of poor modeling or errors in the simulated
data itself. Processing the simulated data through
the photometric pipeline not only acts as a test of
the software itself, but also exercises planned activities for proximity operations.

Figure 4. Global mosaics of simulated Bennu
imagery uncorrected (top) and corrected (bottom)
demonstrate the efficacy of the Lommel-Seeliger
model.
Acknowledgments: This work was supported by
the National Aeronautics and Space Administration under Contract NNM10AA11C issued
through the New Frontiers Program.
References: [1] Lauretta, D. S (2015) Handbook
of Cosmic Hazards and Planetary Defense, 543567. [2] Gaskell, R. W., (2005), JPL, NASA. [3]
https://isis.astrogeology.usgs.gov [4] Takir, D., et
al., (2015), Icarus, 252, 393-399.
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PDS4 Training: Key Concepts and Vocabulary. M. K. Gordon1, E. A Guinness2, L. D. V. Neakrase3, J.
Padams4, A. C. Raugh5. 1 Carl Sagan Center, SETI Institute, Mountain View, CA (mgordon@seti.org), 2 Department of Earth and Planetary Sciences, Washington University, St Louis, MO. 3Department of Astronomy, New
Mexico State University, Las Cruces, NM, 4Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, 5University of Maryland, College Park, MD

Introduction: Those planning to attend the PDS4
Training Session are strongly encouraged to review
this poster prior to the Training Session.
This poster briefly describes new vocabulary and a
number of key concepts introduced with PDS4, including: Bundles; Collections; Basic Products; Logical
Identifiers (LIDs) and associated LIDVIDs; internal
references; XML labels, schema, and Schematron; the
Common Dictionary; discipline and mission dictionaries; and validation.
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OPUS: A Comprehensive Search Tool for Remote Sensing Observations of the Outer Planets. Now with Enhanced Geometric Metadata for Cassini and New Horizons Optical Remote Sensing Instruments. M. K.
Gordon1, M. R. Showalter 1, L. Ballard1, M. Tiscareno1, R. S. French1, D. Olson1. 1Carl Sagan Center, SETI Institute, Mountain View, CA (mgordon@seti.org),

Introduction: The PDS Ring-Moon Systems
Node hosts OPUS – an accurate, comprehensive
search tool for spacecraft remote sensing observations
beyond the asteroid belt. OPUS supports Cassini
(CIRS, ISS, UVIS, VIMS), New Horizons (LORRI,
MVIC), Galileo (SSI), Voyager (ISS), and Hubble
(ACS, STIS, WFC3, WFPC2). OPUS results include
calibrated images for both Cassini ISS and Voyager
ISS.
OPUS provides a large suite of searchable parameters. The basic parameters – spacecraft, instrument, start and stop time, target, are available of
course, but we include many more. Select an instrument, say Cassini ISS, and new menus become available with parameters specific in this case to images, to
Cassini, and to Cassini ISS. Now you can search for a
specific filter, or an orbit number, or more than two
dozen additional parameters.
At any point during your search you can select
“Browse” and see a gallery view of the search results
in the form of thumbnails tailored for each specific
observation type.
Just for fun, start by selecting Cassini ISS – there
are more than 400,000 hits. Want to know how many
of those images are associated with occultations?
Type “occ” in the field “Observation Name” under
mission constraints; the answer is 2,200. Here is one
page of the gallery view of the results:

The thumbnails are of images obtained by ISS during
a 2006 occultation of Alpha Scorpius which also was
observed by Cassini VIMS.
Enhanced geometric metadata. We produce and
incorporate into OPUS detailed geometric metadata
for every object in the instrument field of view for the
Cassini ISS, UVIS, and VIMS Jupiter and Saturn en-

counters, and for the New Horizons LORRI Jupiter
and Pluto encounters. This enables highly accurate
searches based on latitude, longitude, illumination
parameters, and much more.
Want to find high resolution images of the Enceladus plumes? No problem. Select Enceladus from the
Surface Geometry “Target Name” menu, then use the
Enceladus Surface Geometry menu to request high
resolution, high phase angle, and latitudes near the
south pole. The result is a set of images including the
three, obtained through different filters, which were
combined to make this image:

Just as easily, you can find specific volcanoes on
Io, the Great Storm of 2010/2011 on Saturn, or Tombaugh Regio on Pluto.
Ongoing developments. We are constantly improving the OPUS interface and the underlying database.
Geometry. This year, we will begin developing enhanced geometric metadata to support Cassini CIRS,
New Horizons MVIC, and the complete set of Voyager
ISS observations.
Expanded HST data. Through a recently awarded
external grant, over the next three years we will expand our interface with the HST archives in order to
add support for all solar system observations by all
HST instruments, including the generation of enhanced geometric metadata for every product.
Improved Cassini ISS pointing. Through another
external grant, we are developing a system to dramatically improve the camera pointing metadata for each
Cassini ISS image. We will then provide backplanes
containing geometric parameters at every pixel for
each object in the field of view of every Cassini ISS
image. [See R. S. French et al., this workshop].
OPUS: https://pds-rings.seti.org/search
RMS Node: https://pds-rings.seti.org
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SEARCHING HUBBLE SPACE TELESCOPE ARCHIVES FOR SOLAR SYSTEM OBSERVATIONS
AND PLANNED IMPROVEMENTS FOR JAMES WEBB SPACE TELESCOPE.
C. M. Gosmeyer1, C. Brasseur1, S. Fleming1, M. Mutchler1, 1Space Telescope Science Intitute (3700 San Martin Dr,
Baltimore, MD, 21218, cgosmeyer@stsci.edu)

Introduction: The Mikulski Archive for Space
Telescopes (MAST) houses raw and calibrated science
products for the Hubble Space Telescope (HST). Unfortunately, the search interface and calibration pipeline has not been optimized for Solar System observations. We present here tips and tools to help Solar System astronomers make the best use of MAST. We
include an overview of a prototype search interface for
HST's Wide-Field Planetary Camera 2 (WFPC2) moving target observations, which incorporates JPL Horizons keywords such as phase angle and angular diameter, and a pilot program that produced a static archive
of WFPC2, Advanced Camera for Surveys (ACS), and
Wide Field Camera 3 (WFC3) science products, optimally reprocessed for moving targets. Both the
WFPC2 search interface and the static archive are
available to the public. In addition, several topicspecific High Level Science Products (HLSPs) are
available (see links below); anyone who would like to
contribute a moving target HLSP should contact
MAST at archive@stsci.edu.
For the James Webb Space Telescope (JWST), on
schedule to launch in October 2018, searching capabilities will be improved, based on the prototype WFPC2
search interface. Objects will be archived by their
NAIF ids and target names will be standardized. In
addition, the JWST calibration pipeline will by default
process Solar System observations with moving target
optimizations. Readers may be interested in the following links.
Prototype WFPC2 moving targets search interface:
https://archive.stsci.edu/prepds/planetpipeline/search.p
hp
Static archive with “optimally” processed WFPC2,
WFC3, and ACS Solar System observations up to
around 2015: https://archive.stsci.edu/prepds/mt/
High Level Science Products of long-baseline observations
of
the
giant
planets:
https://archive.stsci.edu/prepds/opal/
High Level Science Products of Jupiter observations
during
Juno
flybys:
https://archive.stsci.edu/prepds/wfcj/
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WEB RESOURCE PLATFORM. K. Grimes,1 J. Padams1, and G. Hollins1. 1Jet Propulsion Laboratory, California
Institute of Technology, Pasadena, CA. (kevin.m.grimes@jpl.nasa.gov)

Introduction: The Web Resource Platform (WRP)
is a suite of tools that enables data and application
sharing across disparate domains. It has been designed
to be flexible and extensible, allowing data products
and applications to be removed from and added to the
system in a distributed fashion. It consists of multiple
disparate components, which interact with each other
through clear and well-defined application programming interfaces (APIs). WRP leverages existing webbased technologies and software to expose, discover,
operate upon, and visualize planetary data resources.
Product Repository – Juneberry: Juneberry, the
product repository component of WRP, makes data
products uniformly accesible via REST calls (that is,
"webifies" them). At the highest level, Juneberry exposes a directory of data files that exist on a user's file
system to other users on the network. However, in addition to simply viewing a user's shared directory, the
data files themselves can be webified, allowing users
to interact with components of them via well-defined
REST calls. Plug-ins can be created for different data
product types, and then individual components of those
images can be accessed and manipulated using simple
web requests. These components include VICAR labels, PDS labels, and other pieces of information, including the raw product data itself.
If a directory containing images has been webified
using Juneberry, for example, these images can be accessed directly via REST calls:
https://pds-imaging.jpl.nasa.gov/.../1506288646_15063
88236/N1506292227_1.IMG/0/image[]?output=gif
Since the image is in the familiar .gif format, Juneberry is able to webify it. Once the image has been
webified, it can be manipulated by the user via REST
calls. Suppose, for example, a user desires to resize the
above image from the original 512x512 to 512x256.
This can be achieved with the following URL:
https://.../1506288646_1506388236/N1506292227_1.I
MG/0/resized/512x256[]?output=gif
This URL requests that image be returned as a image 512 pixels long and 256 pixels wide.
Users may also access raw image data with Juneberry. Image data is typically returned to the user as an
array of arrays. The data of the above image can be
retrieved with a simple REST call:

https://.../1506288646_1506388236/N1506292227_1.I
MG/0/raster/data[]?output=json
If the user would like to restrict the output to a specific range of data, they can specify that range within
the selector brackets in the URL. Suppose, for example, the user would like to only retrieve the ten columns of the first row of data. This can be achieved as
follows:
https://.../1506288646_1506388236/N1506292227_1.I
MG/0/raster/data[0:1,0:10,0:1]?output=json
Juneberry has been applied successfully to large
data stores, including some of those belonging to the
NASA Planetary Data System.
Resource Discovery – Cotinga: In order to allow
users to efficiently and accurately search data stores
exposed by Juneberry, the data stores may be indexed
using the resource discovery component of WRP, Cotinga. Cotinga is an indexing tool built on top of
Apache Lucene and differs from other indexing tools
in that it is designed to index webified products. That
is, instances of Cotinga are built from product metadata information that has been exposed by Juneberry instances.
Cotinga crawls data files and indexes them in much
the same way that Juneberry webifies them: it looks at
the labels of the different images and indexes the files
based off them. This allows users to make faceted queries out-of-the-box, without having to define complicated schemas or use other third-party tools. All that
Cotinga requires to function properly is metadata such
as PDS labels or VICAR labels.
Tools Serivce: At the highest level, the Tools Service component of WRP is software installed on a machine where tools (applications) are also installed. The
Tools Service exposes these tools so that they can be
invoked by a remote client somewhere else on the
same network. As a result of calling services via the
Tools Service, data can be returned via HTTPS to the
client. It is then the client's responsibility to do what
they want with the data and handle any errors returned
by the Tools Service. In addition to the interaction with
the tools themselves, the Tools Service also provides
useful metadata about the tools, including usage (expected inputs and outputs).
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The Tools Service is most frequently used on systems that contain specific installations of software that
are difficult or impossible to recreate. For example, at
JPL the VICAR image processing suite requires that a
large number of environmental variables be set before
it can be run properly. Additionally, even if users are
able to set the environmental variables properly, the
user will still likely have to tweak the build to ensure
that it builds properly on their system. A user who does
not want to endure the hassle of installing the VICAR
software suite on their own machine may instead access another user's VICAR installation using the Tools
Service.
Suppose, for example, that a user desires to run the
VICAR /generate/ program, which is a simple VICAR
program that creates a VICAR file. Assuming that
VICAR has been installed on machine /host/ and Tools
Service is running on port /port/, the user can use the
VICAR /generate/ program with the following REST
call:
https://host:port/ts/vic.gen?out=file.vic
This request will create a VICAR file "file.vic" in
the Tools Service data directory.
In addition to VICAR programs, other programs
can easily be configured to work with the Tools Service. The shell command "ls" is among the executables
that the Tools Service supports out-of-the box. The
Tools Service also supports Java methods, such as
"concat" or "env." If users would like to add more
commands, they can simply create configuration files
for them. Configuration files are usually only a few
lines long and provide all the information that the
Tools Service needs to expose the application to other
users in the network.
Although not necessary, the Tools Service is often
combined with Juneberry and Cotinga to provide a
unified user experience. This typically involves pointing Juneberry to the data directory that the Tools Service puts files in after it generates them. This way,
users can simply navigate to the Juneberry URL and
download the files that they create using the Tools
Service. If the file that they generated using the Tools
Service is webifiable, they can manipulate it from
there, too. If Cotinga is enabled on the system in addition to Juneberry, the files generated by the Tools Service that are webifiable will be indexed for efficient
and accurate discovery in the future.
End-User Web Application - Reference Client:
The end-user web application consists of the following
widgets: Product Browsing Widget, Search Widget,
Tool Execution Widget, and Visualization Widget.
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Together they provide a GUI that allows users to easily
interact with the different componenets of WRP.
The Product Browsing Widget provides the capability of browsing product repositories hosted on different machines. Users can navigate through data
products in different repositories. While the users navigate through data products, the metadata and actual
data content can be viewed at both a high level and at a
low level.
The Search Widget provides the capability of
searching data products on remote machines. Different
search methods such as wildcard search, fuzzy search,
and range search are all possible. Additionally, terms
and fields can be combined to perform queries.
In the Tool Execution Widget, users are provided
with the capability of executing remote tools hosted on
different machines. Users can interact with the Tools
Service via either a text mode or a graphics mode; that
is, users can manually type in commands to execute
tools in a terminal-like interface or they can execute
tools by interacting with HTML graphics.
In the Visualization Widget, users are able to visualize selective data products either as-is, on a twodimensional map, or on a three-dimensional globe.
Multiple data products can be combined, overlayed,
and displayed at the same time. When displaying multiple data products, the displaying order of data products can be adjusted
Conclusion: The Webification Resource Platform
provides an array of capabilities that allow users to
easily interact with functionalities that are not implemented on their own system. The Product Repository
component of WRP allows users to expose their data
products via a REST API. Users can choose to view
the product (either in whole or in part), manipulate the
product, or view its raw data. In addition to exposing
data products, WRP also allows users to easily and
accurately search for data products with Cotinga, an
indexing tool built on Apache Lucene. The Tools Service component of WRP allows users to interact with
applications and methods on remote machines via
well-defined REST URLs; when combined with Juneberry and Cotinga, the products generated by the Tools
Service can also exposed and searched. Finally, the
End-User Web Application allows those not comfortable with REST calls to interact with the rest of WRP's
components in a straightforward manner. As a whole,
the Web Resource Platform is a resource that can benefit any system which deals with large quantities of data.
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Deployment of the Planetary Data Tool Registry. S. Hardman1, J.S. Hughes1, R. Joyner1, D. Crichton1, E. Law1,
1
Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr, Pasadena, CA 91109, Sean.Hardman@jpl.nasa.gov, John.S.Hughes@jpl.nasa.gov, Ronald.Joyner@jpl.nasa.gov, Daniel.J.Crichton@jpl.nasa.gov,
Emily.S.Law@jpl.nasa.gov.

Introduction: During the 2015 Planetary Data
Workshop, we presented a plan [1] for taking the prototype Tool Registry developed by the International Planetary Data Alliance (IPDA) and upgrading it by increasing the visibility and enhancing its functionality along
with incorporating the registered tools into PDS data
search results. This work has been completed with the
application deployed into operations by the PDS Engineering Node [2]. Figure 1 below, is a screenshot of the
front page of the Tool Registry.

application which is built on PDS4 software components. Figure 2 below, details that architecture and design.

Figure 2: Tool Registry Architecture

Figure 1: Tool Registry Screenshot
The application enables search and discovery of
tools, services, and APIs for working with data following the PDS standards. Tools have been submitted from
the broad PDS community and multiple institutions, including those from members of the International Planetary Data Alliance (IPDA). This interface allows the
user to search for and discover these tools. The interface
also allows tool providers to submit their software for
inclusion in the registry.
Along with introducing the planetary data community to the Tool Registry, this presentation will describe
and demonstrate how users interact with the application.
For those users interested in the details, we will also take
a brief dive into the architecture and design behind the

References: [1] Hardman S., Hughes J.S., Joyner
R., Crichton D., Law E., Deploying a Planetary Data
Tool Registry, In Proceedings of the 2nd Planetary Data
Workshop. Flagstaff, Arizona. June 8-11, 2015. [2] PDS
Tool Registry, https://pds.nasa.gov/tools/tool-registry/.
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A SANDBOX ENVIRONMENT FOR THE COMMUNITY SENSOR MODEL STANDARD. T. M.
Hare, J. R. Laura, I. R. Humphrey, T. J. Wilson, M. A. Hahn, M. R. Shepherd and S. C. Sides, U.S. Geological
Survey, Astrogeology Science Center, Flagstaff, AZ, 86001, (thare@usgs.gov).
Introduction:
The
heart
of
any
digital
photogrammetric system is the software used to
spatially locate camera data accurately to the ground,
known as a camera or sensor model. The U.S.
Geological Survey’s Astrogeology Science Center
(ASC) has begun to develop and test different
instrument camera models using the Community
Sensor Model (CSM) standard [1]. Here we present
ongoing work ASC is undertaking to provide a
programming sandbox environment for employing the
CSM standard. We define a sandbox as a testing
environment that allows programmer experimentation
outside a given production environment and to help
demonstrate and teach available capabilities to others.
Background: A camera sensor model can be defined
as a mathematical description of the relationship
between the three-dimensional object (e.g. target’s
surface) and the associated two-dimensional image
plane. As described in [2], the quantities needed to
define a sensor model can be divided in two broad
categories: interior and exterior. The interior
parameters are intrinsic to the sensor design and
calibration and typically include focal length, location
of the principal point, and lens distortions. For more
complicated instruments, the interior parameters may
also include wavelength dependencies, gain and pixel
summing settings, and (for pushbroom sensors) the
timing of line exposures and time delay integration
(TDI) settings. The exterior parameters describe the
location and orientation of the sensor with respect to
the target’s reference coordinate system. For planetary
applications, this information is typically stored in the
form of SPICE (Spacecraft, Planetary ephemeris,
Instrument, C-Matrix, and Event) kernels and delivered
by the Navigation and Ancillary Information Facility
(NAIF, [3]).
The CSM Standard: The Community Sensor Model
(CSM) Working Group was established by the U.S.
defense and intelligence community with the goal of
standardizing camera models for various remote sensor
types [4]. The CSM standard, now at version 3.0.2,
provides a well-defined application program interface
(API) for multiple types of sensors and has been widely
adopted by Earth remote sensing software systems.
It is worth noting that the CSM API does not make
the creation of a camera sensor model technically any
easier besides serving as a solid framework for others,
but once written, it more easily allows interoperability
between different photogrammetric applications. And
the API has been designed and continuously tested by
industry experts and thus the planetary domain will
benefit from this more than decade-long effort by the
CSM Working Group.

This year our ASC programming team has
implemented the MESSENGER Mercury Dual
Imaging System (MDIS) CSM framing camera model
for both the narrow angle and wide angle cameras
(NAC and WAC respectively) [5]. This code is
available for testing and download at the ASC GitHub
site:
https://github.com/USGS-Astrogeology/CSMCameraModel
Sandbox: For our sandbox testing environment the
programming team chose to use the Jupyter Notebook
and the Python programming language. The Jupyter
Notebook is an open web application that allows you to
share code, equations, visualizations, and any
associated documentation (http://jupyter.org/). While
Jupyter notebooks now support several programming
languages, the environment was born from IPython [6]
and thus Python is still the most robust language
supported. Fortunately, we also continue to see support
for Python grow within the planetary community [7].
Using Python also gives us a single high-level
interpretive language to access SPICE (SpiceyPy;
https://github.com/AndrewAnnex/SpiceyPy)
and
support for planetary images using the Geospatial Data
Access Library (GDAL; http://www.gdal.org). Jupyter
notebooks were heavily used to prototype, in Python,
the algorithms for C++ implementation in the CSM.
The last step to complete our sandbox testing
environment required the CSM to properly work within
a Jupyter Notebook environment. To do this, it was
necessary to wrap the CSM C++ source code in
Python.
This
was
done
using
Cython
(http://cython.org/) and allows for Python to directly
call the underlying C or C++ functions. While still in
testing, this code is available at the ASC GitHub site
https://github.com/USGS-Astrogeology/CSM-CyCSM
and should allow for almost any CSM to be
functionally wrapped in Python.
For static examples of our sandbox Jupyter
notebooks, please visit the ASC GitHub site:
https://github.com/USGS-Astrogeology/CSM-SET
(under the folder notebooks) and see Figure 1.
Conclusion: The CSM standard is the first step in
realizing a camera model standard that can be used and
shared across NASA’s and international planetary
missions. Using the CSM within an interactive Jupyter
Notebook, we find an ideal exploratory environment
for sensor model development, data analysis,
validation, portability, and finally the capability of
demonstrating results to collaborators.
Acknowledgments: This effort has been supported by
NASA’s Planetary Spatial Data Infrastructure (PSDI)
interagency agreement.
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Figure 1. Shows our CSM sandbox within a Jupyter Notebook. Step 1 shows required Python libraries to be
imported. Skipping to step 12 to shows the initial image read for the MESSENGER image. Step 14 shows a
simple test for every pixel using the critical routine imageToGround within the MDIS CSM camera model.

3rd Planetary Data Workshop 2017 (LPI Contrib. No. 1986)

7102.pdf

IMPROVED ACCESS TO KAGUYA HYPERSPECTRAL DATA. Z. Haugaard1, D. Ohn1, C. Philabaum1, K.
Rodriguez12, M. Shepherd12, J. Laura2 and T. Hare2, 1Northern Arizona University School of Informatics, Computing,
and Cyber Systems, 2USGS Astrogeology Science Center. Corresponding Author: jlaura@usgs.gov
Introduction: From September 2007 to June
2009, the Japanese Aerospace Exploration Agency’s
(JAXA) “KAGUYA (SELENE)” carrying the Spectral
Profiler (SP) sensor collected hyperspectral
observations of the Moon’s surface. The instrument
was used to capture reflectance spectra from the visible
and near infrared regions (296 bands from 500 nm –
2600 nm)[1]. The collected dataset is made up of some
68 million individual spatially aware points with
associated metadata[2]. This data can be used many
science applications including understanding surface
properties.
JAXA maintains the KAGUYA data archive, a
critical tool for SP data access.
The access
mechanisms follow the familiar planetary paradigm of
textual search followed by a listing of available data
products.
Unfortunately, data access using this
mechanism suffers from three major limitations to
performing exploratory spatial data analysis: First,
results are served such that the individual spot
observations products are aggregated by image to an
associated Kaguya Terrain Camera (TC) image. When
viewed as a single data file, this aggregation is critical
for providing context. When viewing the dataset in its
entirety, the association with a TC image is redundant
as the individual spot observations are of critical
interest. Big Data queries do not benefit from the
context images and exploratory analysis can leverage
Open Geospatial Consortium (OGC) compliant base
layers(assuming high quality registration and
availability as an OGC compliant service).. Second,
the existing access mechanisms do not yet support map
based spatial search requiring the user to define textual
Regions of Interest (ROIs). Finally, the results are
offered as paginated, individual downloads making the
collection of data over larger spatial extents tedious.
In order to overcome these limitations, we have
created a multilayer (web stack) application for the
delivery, visualization, and exploratory analysis of the
KAGUYA SP dataset.
Architecture:
The Kaguya Spectral Profiler
Explorer (KASPER) software system relies upon a
three-layer architecture. The three components are: (1)
the frontend, written as a Javascript based application
that runs in the user’s browser, (2); a middleware
layer, which is an application server providing services
to the frontend; and (3) the backend, composed of a
containerized, OGC compliant, Geoserver instance
backed by a containerized MongoDB database sharded
across a cluster of nodes.
Every piece of this architecture is built upon
standard technologies, such as Leaflet, Geoserver and

MongoDB; and protocols and OGC compliant formats
such as Web Map Service (WMS), Web Feature
Service (WFS), and GeoJSON. This makes our
solution highly reproducible and applicable to other
datasets.
Backend: The backend is comprised of two
components: A sharded MongoDB database containing
the KAGUYA SP dataset, and a Geoserver instance
which provides spatial visualizations of the dataset.
We chose MongoDB as our database system for
reasons of flexibility and scalability. In comparison to
a traditional relational database system such as
MySQL or PostgreSQL, MongoDB is highly malleable
due to its unstructured nature, a feature that has
allowed for the easy modification of the data schema
during development. As the dataset is complete and
data does not need to be added or updated, traditionally
desirable traits such as fast writes are not necessary;
the only requirement of our database system is that it
supports multiple concurrent reads.
Geoserver is an OGC compliant, Java-based geospatial
server that generates and serves visualizations of the
KAGUYA dataset. It allows for the creation of map
tiles from geospatial queries to the database, which can
be consumed by a mapping application. It publishes
data in two forms: image data by way of a Web
Mapping Service (WMS), and vector data by way of a
Web Feature Service (WFS). As Geoserver receives
requests from the middleware, it can dynamically
create a new map layer by passing the query to the
database and serving it to the client. Using this
technique we maintain performance when working in a
big data environment.
Middleware: The middleware layer of the
KASPER software system has two primary functions:
(1) to serve the static frontend application, and (2) to
provide a set of Representational State Transfer
(REST) API services. The RESTful API allows the
frontend to make resource requests. These include
queries that can result in GeoJSON responses for point
data and hyperspectral reflectance data or calls to
MongoDB and Geoserver to generate, load, and serve
a new raster map layer.
The server is built using the asynchronous
JJavascript runtime Node.js and the lightweight web
framework Express. These technologies integrate
naturally with MongoDB. Interaction between the
middleware application server and Geoserver is
handled by a custom Python script, which can generate
new map tiles based on a user defined query. Node.js
facilitates this by way of the standard library
child_process, which allows for Node to spawn child
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processes on a per request basis to generate new map
layers and to pass them back to the client.
Frontend: The frontend Javascript application is
responsible for displaying geospatial data via an
interactive web map interface. The map interface has
been developed using the open-source Javascript
mapping library Leaflet, and visualizations of
hyperspectral data are rendered as HTML5 charts with
the tool Chart.js. Both technologies were chosen based
upon their accessibility, flexibility, and integration with
the OGC compliant formats previously discussed.
The Leaflet mapping interface allows for the
natural exploration of the dataset as one would any
standard web map: users can pan across the map, zoom
in and out, set coordinates manually through simple
input fields, and click on individual observations to
view associated data. Leaflet can also ingest and
display new layers dynamically as the user interacts
with additional control interfaces to send queries along
such criteria as location, incidence angle, and emission
angle.
When an observation is selected by the user via the
Leaflet interface, specific hyperspectral data can be
displayed. The spot data (whether reflectance,
radiance, or a derived spectra) can then be rendered as
a line graph using the Chart.js visualization library, as
shown in FIG 1. Chart.js allows for these.
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visualizations to be rendered on the fly, and offers
interactivity such as hovering to display the exact
reflectance value at any given wavelength.
As the user interacts with the frontend Javascript
application, data is requested and displayed
asynchronously. This allows the frontend application to
maintain a high level of interactivity despite the large
amounts of data it provides access to.
Conclusion: The KASPER software system is a
powerful tool that allows for intuitive access to the
KAGUYA SP dataset through an web based user
interface using a standards based approach. KASPER
is able to deliver the SP data quickly and provide an
interface for the exploratory analysis of the dataset by
anticipating data transfer volumes and using
appropriate OGC standard response formats.
The KASPER system can be installed with relative
ease, as its components are all highly portable. The
backend database and Geoserver instance exist in a
software container (Docker).. The middleware
software server can be installed on any standard
operating system compatible with the Node.js
Javascript runtime, and all dependencies may be
installed using the Node Package Manager.
References: [1] Matsunaga, et al. (1999) J. Remote
Sens. Jpn. 490-507. [2] Yamamoto, et al. (2011). IEEE
Trans. Geosci. and Rem. Sens. 4660-4676.

FIG 1: The prototype KASPER frontend showing
visualization of spatial and spectral data.
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Maximum Log-likelihood Method with Weighting Penalty for CRISM Hyperspectral Images. L. He1, R. E.
Arvidson2, J. A. O’Sullivan1, and D. V. Politte1, 1Preston M. Green Department of Electrical and Systems Engineering, Washington University in St. Louis, St. Louis, MO, USA 63130, 2Department of Earth and Planetary Sciences,
Washington University in St. Louis, St. Louis, MO, USA 63130

Introduction: The Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) on the Mars
Reconnaissance Orbiter (MRO) is a push-broom hyperspectral imaging spectrometer from 362 to 3920 nm
with 6.5 nm spectral band spacing and the smallest
ground pixel size of 18 m. Since 2010, images have
also been acquired using a gimbal along track oversampled (ATO) mode, with significant pixel overlapping in the along-track direction. The overlap allows
reconstruction of map-projected images with 9 to 12
m/pixel, depending on the degree of overlap. For reference CRISM operates as S (362 to 1030 nm) and L
(1036 to 2650 nm) imaging spectrometers. Our original
log maximum likelihood method (MLM) for CRISM
data [1] is improved by introducing new weighting
penalties in both the spatial and spectral domains.
Initial Processing: Two processing steps are necessary before application of the MLM procedures [1]:
1. Retrieval of Single Scattering Albedos (SSAs) and 2.
Extrema removal using a median filter. SSA is the ratio
of scattering efficiency to scattering plus absorption
efficiencies of a single particle. After dividing by the
solar spectral radiance at Mars at the time of the observation, Discrete Ordinates Radiative Transfer
(DISORT)-based processing, and the Hapke function
for surface scattering are used to retrieve SSA values
[1]. A median filter (bit error filter) designed by Eliason and McEwen [2] is utilized for noisy scenes to
remove extreme noise spikes in the L data because of
degraded cooler operation, and introduction of time
and space variable responses within the 2D detector
array [1,3].
Maximum Log-likelihood Method: Positive SSA
values d1 , d2 , , d N   are in sensor space and
the intent is to reconstruct the best nonnegative cube
c1 , c2 , , cM   projected onto the surface, and
the

best

estimate

1 , 2 , , N 

cube in the sensor space
 . Based on the hypothesis testing

by Kreisch et al. [1], the resultant SSA

d i are well

modeled by the Poisson distribution with parameter
i . We assume the mapping between the projected
image and the best estimate is linear with a known
Gaussian kernel

hij , that is, i   j hij c j . Since

maximizing the log-likelihood for a Poisson distribu-

tion is equivalent to minimizing the I-divergence between

d i and i , I (di || i )  di ln

di

i

 di  i ,

the reconstruction could be described as the optimization problem:

min

c1 , , cM



N
i 1

I (di || i )  (c1 ,

i   j hij c j

s.t.
where the penalty

(c1 ,

, cM ) is introduced due to

the problem being ill-posed.
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where 1 ,  2 are the spatial and spectral regularizations and NA(c j ), NE (c j ) are the spatial and spectral neighborhoods. The weights

w1, j , w2, j standing

for spatial and spectral weights matter to our problem.
Spatial weights. Our previous approach [1] for incorporating the penalty functions used constant weights
w1, j  1 for all pixels and bands, producing artifacts
in the resulting images. Row artifacts were produced
spatially because the penalty term was weighted higher
than the I-divergence in undersampled areas, resulting
in over-smoothing. Given the spatial transfer function,
we compute the total contribution of each pixel in the
projected image space to all data in the sensor space.
This is the sensitivity image (shown in Fig. 1). Values
in the sensitivity image can range over 20 orders of
magnitude due to along-track oversampling variations.
Making the weights in the spatial penalty proportional
to the sensitivity values equalizes the relative importance of the I-divergence and penalty terms, and
eliminates the row artifacts associated with high degrees of undersampling.
Spectral weights. The CRISM 2D detector array is
subject to numerous noise sources that vary with wavelength, position on the detector, and time. The spectral
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noise variations with wavelength comprise important
noise elements and are quantified for the entire scene
using a log-spectrogram (Fig. 2). The high frequency
information is then scaled by a monotonically increasing concave function to compute the spectral weights
w2, j , i.e., the magnitude of the spectral penalty de-
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between the MLM procedure and the standard projection is shown in Fig. 4.

pends on the noise level, with higher penalties associated with noisier wavelength intervals.

Fig. 3 Projected scene at 12 m/pixel after MLM procedure overlain onto a Context Imager image. The spectral comparisons in Fig. 4 are derived from three locations labeled A, B, C.

Fig. 1 The sensitivity image of scene FRT000013D1F.
The brighter the area the higher the degree of oversampling between rows as CRISM collects data along
track.

Fig. 4 The spectral comparisons between the MLM
reconstruction and the standard projection for three
locations in Fig. 3. The regularized MLM procedure
generates smoothed spectra following realistic absorption features.

Fig. 2 Mean spectrogram of scene FRT000013D1F L
data (without despiking) is shown with color-coded
relative noise levels. The vertical axis is the spectral
Fourier frequency. The power in time-spectral bins is
6.4

4.4

~ 10 .
displayed within a range 10
Performance Analysis: FRT000013D1F L data is
illustrative of results (Fig. 3). The spectral comparison
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[2] Eliason E. M. and McEwen A. S. (1990) Photogramm. Eng. Remote Sens., 56.4, 453-458.
[3] Murchie S. et al. (2007) J. Geophys. Res.: Planets,
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LROC NAC TOPOGRAPHY: A POWERFUL TOOL FOR LUNAR EXPLORATION. M. R. Henriksen, M.
R. Manheim, and M. S. Robinson. School of Earth and Space Exploration, Arizona State University, Tempe, AZ
85287-3603 (mhenriksen@ser.asu.edu).
Introduction: The Lunar Reconnaissance Orbiter
Camera (LROC) was launched as part of the Lunar
Reconnaissance Orbiter (LRO) payload in June 2009
[1]. LROC acquires stereo images with the Narrow
Angle Cameras (NACs) by slewing off-nadir for at
least one of two sequential orbits [2]. Since the Moon
rotates relatively slowly, the subsequent overlapping
images have nearly identical lighting conditions and an
appropriate parallax angle (20°- 45°) for extracting
high resolution (2 - 5 m) Digital Terrain Models
(DTMs) [1]. To date, LROC has acquired > 3,500 stereo observations of the lunar surface, 349 sets of which
have been reduced to DTMs and released to the NASA
Planetary Data System (PDS). Additionally, where
multiple sets of stereo images overlap, 34 large area
DTM mosaics have been created.
DTM Generation: We generate DTMs using a
combination of the Integrated Software for Imagers
and Spectrometers (ISIS) from the USGS and SOCET
SET by BAE Systems [3,4]. Images are pre-processed
and camera parameters are retrieved in ISIS, and then
the images are imported into SOCET SET for bundleadjustment, DTM extraction, and orthophoto generation [2]. Ground control is found by registering preliminary DTMs to LOLA profiles that were converged
with the GRAIL gravity model to improve absolute
uncertainties to 10 m horizontally and 1 m vertically
[5]. LROC NAC DTMs produced at ASU have offsets
from LOLA less than those uncertainties (Fig. 1).
Completed DTMs, orthophotos, and associated derived
products, such as slope maps and color shaded reliefs,
are archived to the PDS accessible through the LROC
web portal [6]. For detailed information on LROC
NAC DTM production, refer to [2]. Many older DTMs
that did not meet our current standards have been regenerated and re-released to the PDS. A complete list
of remade DTMs, their PDS version numbers, and creation dates will be hosted on the LROC website [6].
Stereo images targeted for DTM creation cover a
variety of sites of high scientific value, including Copernican craters, recent impacts, small-scale tectonic
features (i.e. lobate scarps and graben), and various

types of volcanic features, swirls, and anorthositic
sites. Some of these features cover areas larger than
one set of NAC stereo images. In this case, multiple
sets of stereo images are targeted for that region. Although the lighting conditions may vary widely from
set to set, it is possible to tie these images together into
almost seamless large area mosaics. Some examples of
these are Highland Ponds (27 stereo pairs), Lichtenberg Crater (13 pairs), and the Taurus Littrow area
(Apollo 17 Landing Site, 9 pairs; Fig. 2).

Figure 2: Colorshaded Relief of Taurus-Littrow area
(NAC_DTM_APOLLO17) centered at 20.35°N,
30.78°E.
Locating Stereo Products: There are several ways
for users to browse and retrieve DTM products and
sets of stereo images via the LROC website and PDS
node. To identify whether NAC DTMs have been
made for a region of interest, users have four options:
(1) the PDS node, (2) Lunaserv and the Lunar Global
Explorer (LGE), (3) ACT-REACT Quickmap, and (4)
the LROC NAC DTM shapefile (available by June 15,
2017). These and additional resources are available in
the Archive section of the LROC website [6].
The
LROC
PDS
data
node
(http://wms.lroc.asu.edu/lroc/rdr_product_select) provides the capability to search for individual images and
RDR products. Under the RDR tab, the user can search
Figure 1: Boxplots representing
RMS offsets between NAC DTMs
and LOLA profiles
for the years
2010-2016.
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by geographic bounding box, type of product, and
name. All DTMs can be located by selecting
‘NAC_DTM’ under the RDR Prefix list. All derived
products, such as shaded reliefs, slope maps, and orthophotos, are found by selecting the DTM name. Additional information, including metrics for precision
and accuracy, can be found in the associated
README. DTM mosaics provide links to all the single pair DTMs used in their creation.
A shapefile of DTM footprints (updated quarterly
as part of the regular LROC PDS release) is located
under shapefiles, or can be downloaded here:
http://wms.lroc.asu.edu/lroc/view_rdr/SHAPEFILE_L
ROC_NAC_DTM (after June 15, 2017) (Fig. 3). The
associated attribute table gives additional information,
such as images used and error analysis. This shapefile
will also be available through Quickmap and Lunaserv.
Lunaserv is a Web Map Service (WMS) implementation developed by the LROC team at Arizona State
University (ASU) to work with planetary datasets and
non-linear projections [7]. LROC hosts an instance of
Lunaserv with layers for many planetary bodies, including all of the LROC PDS data. Users can access
Lunaserv with any WMS-capable GIS software, such
as ArcGIS and QGIS. These map layers can also be
accessed online with Lunaserv Global Explorer (LGE)
(http://webmap.lroc.asu.edu/lunaserv.html#).
LROC
RDR NAC DTM Footprints can be turned on by selecting the relevant checkbox under Layers: Regional
Products. Once the desired layers are selected, clicking
the ‘eye’ icon in the upper right corner turns the mouse
into a ‘?’. Using this tool to select a DTM footprint
will open a list of DTMs contained within that footprint, as well as subproducts and product names that
link back to the LROC PDS node.
ACT-REACT Quickmap can be accessed via the
LROC website’s Archive page [6] or at
http://target.lroc.asu.edu/q3/. Quickmap offers several
layers with DTM data, including two NAC layers for
shaded reliefs and color-shaded reliefs. Additionally, it
links to Lunaserv, which contains layers for DTM
footprints and NAC Reduced Data Record (RDR)
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products, visible when closer than 200 m. These layers
can help users identify if a NAC DTM exists for their
area of interest, what the data looks like, and the extents of the products. These extents can be used to locate the DTMs on the LROC PDS data node.
Not all available sets of stereo images have been
reduced to DTMs. An annually-updated catalog of
acquired sets is available as a PDF in the
DOCUMENTS directory of the RDR Volume of the
PDS [8]. Additionally, a shapefile containing all the
available stereo observations will be released as part of
regular LROC PDS releases starting June 15, 2017 and
will be available on the PDS node, Quickmap, and
Lunaserv (Fig. 3). Sets with known issues, such as
images with jitter or taken mid-slew, have been removed from these sources. Both the catalog and the
table contain additional information about the lighting
conditions, such as incidence and emission angles.
Future Work: Ongoing efforts involve creating
more single and mosaicked DTMs and targeting more
stereo observations, especially of high-interest regions
such as new impacts, unusual volcanic materials, irregular mare patches, lunar swirls, pure anorthositic
regions, and more. Most DTMs are generated to support studies related to on-going mission objectives;
however, it may be possible to fulfill outside requests.
We are also working to improve our processing methods, which will include a transition to a significantly
newer version of SOCET SET called SOCET GXP by
BAE Systems. This version includes improved support
for planetary images and faster processing.
References: [1] Robinson, et al. (2010) Space Sci
Rev 150.1: 81-124. [2] Henriksen, M.R., et al. (2017)
Icarus 283:122-127. [3] Anderson, J.A. et al. (2004)
35th LPSC, Abs. 2039. [4] BAE Systems (2009).
SOCET SET User’s Manual v5.5 [5] Smith, D.E., et al.
(2017) Icarus 283:70-91. [6] http://lroc.sese.asu.edu
[7] Estes, N.M., et al. (2013) 44th LPSC, Abs. 1719. [8]
http://lroc.sese.asu.edu/data/LRO-L-LROC-5-RDRV1.0/LROLRC_2001/DOCUMENT/STEREOCATALOG-20160915.PDF

Figure 3: Map showing DTM (orange
footprints) and stereo
observations (green
footprints); locations
available as shapefiles
from the LROC archive web page.
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THE 1:1,000,000-SCALE GEOLOGY OF WESTERN LIBYA MONTES AND NORTHWESTERN
TYRRHENA TERRA. A. E. Huff and J. A. Skinner, Jr., Astrogeology Science Center, U.S. Geological Survey,
2255 N. Gemini Drive, Flagstaff, AZ, 86001 (ahuff@usgs.gov).

Introduction: The Libya Montes are a >1000 km
long series of massifs south of Isidis Planitia that define the highland-lowland transition in northwest Tyrrhena Terra. This region collectively contains Noachian- to Hesperian-aged rocks, including some of the
oldest recognized outcrops on Mars [1]. The densely
gullied Libya Montes are adjacent to plains with northdirected, deeply incised, high-order channel systems
(Zarqa Valles). Libya Montes massifs and Zarqa Valles
drainages are abutted and embayed by Syrtis Major
lava flows from the west-northwest. Massifs become
less prominent, coalesce, and/or grade into inter-massif
crater terrains to the south, where they form Isidiscircumferential scarps (Oenotria Scopuli) and bound
relatively low-lying plains (Oenotria Plana). The basinmargin setting, proximity to the highland-lowland transition, range of unit types and ages, and apparent diverse provenance suggest an improved understanding
of the geology of this area can provide insights into the
evolution of ancient highland landscapes on Mars.
Previous small scale (large area) maps [1-4] used
Mariner 9, Viking and post-Viking data to establish
broad-scale geologic context. Large scale (small area)
investigations and resulting topical geologic maps tested/altered this context for local scales using diverse,
high-resolution post-Viking data sets [e.g., 5]. Though
these maps collectively support geologic discovery at
their respective scales, it is difficult to extrapolate the
geologic evolution of this region from a generalized
global map and a specialized topical map. We are filling this scale-based gap in understanding by assembling a 1:1M scale geologic map to bridge existing
global and local schemata. Our study area is defined by
six MTMs (75 to 85° E, -12.5 to 2.5° N) that contain
the region described above. We digitized at 1:250,000,
with a vertex spacing of 400 m, on a THEMIS daytime
IR controlled mosaic base map [6] augmented with
THEMIS nighttime IR, CTX, and MOLA data.
Unit Mapping: We characterized geologic units in
three morphostratigraphic groups: older massif group
(mean slope = 7.8°), intermediate-aged terra group
(2.8°), and younger plains group (1.5°). The massif
group contains the highest topographies as rugged
promontories. The terra group contains inter-massif
cratered terrains above local low-lying plains. The
plains group contains units in local topographic lows
that embay and abut massif and terra units.
Massif Group. We map two massif units with massif unit 1 (m1) being isolated to Libya Montes and mas-

sif unit 2 (m2) being mapped throughout the area. The
m1 and m2 units are in close proximity to each other in
Libya Montes, with both units being contiguous in
some local outcrops. The m1 unit forms high relief,
elongate features that stand up to 2.5 km above adjacent terrains with sharp axial ridges/peaks, valley-andspur morphologies, and smooth to rugged slopes. The
m2 unit forms roughly equant, dome-like features with
stubby, radial furrows and infrequent central plateaus.
Interpretation: Similar to past maps [1-4], we interpret
massif units as uplifted crustal blocks exposed by the
Isidis basin-forming impact. Valley-and-spur (m1) and
heavily furrowed (m2) morphologies suggest intense
modification after exposure, perhaps due to erosion by
fluvial and/or mass-wasting processes. However, comparing outcrops with contiguous ridged/peaked, elongate portions (m1) and dome-like, equant portions (m2)
allude to significant material differences. Massifs may
consist of simultaneously Isidis-exposed basement rock
(m1) and/or capping ancient highland regolith (m2).
Terra Group. We map three terra units with terra
unit 1 (t1) being slopes connecting local topographic
highs (massifs or t2) and lows (t3 or plains), terra unit 2
(t2) being inter-massif terrains, and terra unit 3 (t3)
being erosional flanks of topographic highs (massifs, t1
or t2). Unit t1 is moderately sloped with smaller outcrops having furrows and larger outcrops having dissections and moderately smooth-topped plateaus. Unit
t2 is shallowly sloped with local semi-planar areas and
common hummocks and plateaus. Unit t3 has shallow
to steep slopes that are heavily furrowed. Interpretation: We interpret unit t1 as a deposit of eroded massif
materials that bury the flanks of adjacent massifs. In
certain areas, the erosional processes that source unit t1
materials dissected highland regolith, suggesting colluvial and/or alluvial processes. In intermediate stratigraphies, weathering processes bring material from adjacent highs and deposit them as unit t2 outcrops. We
interpret unit t3 to be alluvial and colluvial deposits
from the youngest erosional processes.
Plains Group. We map five plains units with plains
unit 1 (p1) being old inter-massif plains, plains unit 2
(p2) occurring (mostly) in the lowest topographies in
the area, and plains unit 3 (p3) filling topographic lows
throughout the maps at varying elevations. The etched
plains unit (pe) is restricted to the center of the map and
is positioned above local outcrops of unit p2. The rough
plains unit (pr) is typically limited to margins of unit p3.
Unit p1 is smooth with sporadic hummocks or undula-
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tions and occurs at elevations comparable to terra units.
The p2 unit is broadly smooth, contains well-developed
channel systems, and occurs at relatively lower elevations. The p3 unit is pervasively smooth, characteristically contains northwest-southeast trending wrinkle
ridges, and often has lobe-like margins. The pe unit has
reticulate patterns of linear pockmarks and forms plateaus and cavi embayed by unit p2. The pr unit has a
knobby surface and occurs along certain margins of p 3
adjacent to t3 outcrops or massifs. Interpretation: We
interpret units p1 and p2 as sediments deposited from
the erosion of adjacent massif and terra units. Unit p2
in particular may be an alluvial unit made up of channel floor and overbank sediments. We interpret unit p3
as flood lavas from Syrtis Major to the northwest or
unspecified sources within the map region. Unit pe is
enigmatic; we interpret it as a terra unit modified by
aeolian and fluvial processes. We interpret unit pr as
alluvial fan deposits sourced from adjacent slopes.
Impact Crater Units. We map impact craters >10
km in diameter, and categorize them as heavily degraded (c1), moderately degraded (c2), or fresh (c3). Some
c2 craters and most c1 craters have a smooth floor deposit that is distinctly dark (cs1) or light (cs2) in
THEMIS nighttime IR. Two large diameter craters
(>49 km) craters, Lipany and Jarry-Desloges craters,
were differentiated into crater ejecta (cej), rim (cr), floor
(cf), and peak (cpk) units. Disrupted terrain (cd) consisting of 0.5 to 5 km blocks occur in some crater floors.
Discussion: Our bridge-scale map of Libya Montes and Tyrrhena Terra is providing improved geologic
context compared to previous small-scale maps. Our
units both follow and diverge from these maps due to
higher-resolution data, varying data types, larger-scale
mapping, and integration of local geologic hypotheses.
Herein, we discuss how each unit group was mapped
for the previous small scale maps [1-4], followed by
our mapping interpretation of the group. Though some
units directly correlate across all maps, we split other
units from previous maps between multiple unit
groups. For this discussion, we focus on the previously
mapped units that most closely correlate with our own.
The massif group was previously mapped as highland massifs (mNhm), mountainous material (m), and
mountain material (Nm) for the global- [2], hemispheric- [1], and quadrangle-scale maps [3-4]. The mapping
scale we use allows for more distinct mapping (i.e.,
separating mons from surrounding terra and plains in
Libya Montes) of the highlands as two different massif
units. We account the different outcrop expressions for
units m1 and m2 as being different rock composition,
but it is difficult to discern the geologic history of the
massifs earlier than Isidis-impact derived uplift. Some
of the promontories have both m1 and m2 units hinting
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at simultaneous geologic processes forming adjacent
basement rock and capping ancient highland regolith.
We distinguish terra units from the broadly mapped
massif and plains units previously identified within our
study area. Our terra units correlate to portions of
global-scale highlands (eNh) [2], hemispheric-scale
hilly and dissected plateaus (Nplh, Npld) [1], and
quadrangle-scale knobby units (k, ki) [3-4]. The terra
units are transitional deposits of material eroded from
topographic promontories in the area that are not transported to plains. The scale of our mapping enables us
to distinguish three terra units from the surrounding
highland terrain based on relative slope, surface roughness, and density/expression of furrows and channels.
Different approaches have been used to name and
categorize units in the low topography, shallow slope
areas of Zarqa Valles, Oenotria Plana, and Syrtis Major
Planum. The global-scale map identified volcanic units
in Syrtis Major Planum (eHv) without specifying the
volcanic source [2]. The hemispheric-scale map identified smooth plateaus (Hpl3) in Zarqa Valles and an
etched plateau unit (Nple) in the center of our study
area [1]. The quadrangle-scale maps identified cratered
plains (pc) within knobby terrains in the highlands [34]. We follow these previous interpretations by only
mapping generic volcanic plains without referencing
volcanic sources, mapping etched plains and smooth,
fluvial plains within Zarqa Valles, and by mapping
older plains units (p1) in intermediate topographies.
Next Steps: We have completed the geologic map,
unit descriptions, unit correlations, and portions of the
map text. As we begin to iterate on these components
to ensure consistency, we will resolve the following
aspects to finalize the map for submission by June
2017: (1) establish formal unit names, groups, and labels based on geographic locations of type localities;
(2) compile relative and absolute model ages based on
crater statistics and corroborate these ages with all map
components; (3) consider subdivision of unit p3 to reflect respective volcanic sources; (4) apply stipple patterns to geomorphic characteristics that transect different units and perhaps reveal erosion of surficial units;
(5) confirm distinction between massif units; and (6)
include CTX- and HiRISE-based characteristics.
References: [1] Greeley R. and Guest J. E. (1987)
USGS I-1802-B, 1:15M scale. [2] Tanaka, K. L. et al.
(2014) USGS SIM 3292, 1:20M scale. [3] Meyer J. D.
and Grolier M. J. (1977) USGS I-995,1:5M scale. [4]
Schaber G. G. (1977) USGS I-1020, 1:5M scale. [5] Jaumann R. et al. (2010) EPSL, 294, 212-290. [6] Fergason R. L. et al. (2013) LPS XLIV, Abstract #1642.
Additional Information: This work is supported
by NASA’s Planetary Geology and Geophysics Program under award No. NNH09AK421.
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PDS4 Tool Development: Leveraging the PDS4 Information Model. J. S. Hughes1, S. H. Hardman1, J. H.
Padams1, and S. S. Algermission 1, 1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA
91109, USA.

Introduction: Many tools that access Planetary
Data System (PDS) data products will need to parse
PDS4 product labels to retrieve, interpret, and process
labeled digital object(s) such as images and tables.
Under PDS4 a driving principle is that the product label should provide much of the information necessary
for these functions. However significantly more useful
information is available in the PDS4 Information Model [1], the controlling document used to define, create,
and verify the label in the first place. This additional
information is available in several file formats including XML Schema and Schematron, JavaScript Object
Notation (JSON), Resource Description Framework
(RDF), comma-separated values (CSV), XML Metadata Interchange (XMI), and OWL Web Ontology/Description Logic (OWL/DL).
This presentation will briefly describe this additional information and how it can be used to make agile
software development more efficient, reduce software
maintenance, enable software to more readily respond
to a changing environment, and reduce the need to encode special logic in the software. The presentation
will also briefly describe software currently leveraging
this information, identify risks associated with not leveraging this information, and suggest how this information can be used in emerging technologies.
Figure 1 illustrates several applications that benefit
from the PDS4 Information Model, for example the

Validate Tool utilizes XML Schema and Schemtron
files to validate PDS4 product labels.

Figure 1 - Software Components Mapped to System Flow

Acknowledgements: This research was carried out
at the Jet Propulsion Laboratory, California Institute of
Technology, under a contract with the National Aeronautics and Space Administration.
References: [1] Hughes, J.S., Crichton, D., Hardman, S., Law, E., Joyner, R., Ramirez, P., PDS4: A
Model-Driven Planetary Science Data Architecture for
Long-Term Preservation, IEEE 30th International Conference on Data Engineering (ICDE), Chicago, IL
USA, 2014.
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PLANETARY GEOLOGIC MAPPING PYTHON TOOLBOX: A SUITE OF TOOLS TO SUPPORT
MAPPING WORKFLOWS. M. A. Hunter, J. A. Skinner, Jr., T. M. Hare, and C. M. Fortezzo. U.S. Geological
Survey, Astrogeology Science Center, 2255 N. Gemini Drive, Flagstaff, AZ, 86001 (mahunter@usgs.gov).

Introduction: The decentralized nature of the
planetary science community, including those conducting geologic mapping investigations, has resulted
in a wide variety of data management and analytical
tools that have been developed on an ad-hoc basis to
support common ArcGIS workflows. Though these
tools are useful for particular individuals, groups, or
projects, different computing environments make
sharing and maintenance difficult. These tools often
lack flexibility to handle different data formats and
workspaces. To meet this community demand, USGS
is releasing a Python Toolbox designed to aide planetary scientists in general, and planetary mappers specifically, by providing easily accessible tools that
streamline typical mapping workflows.
Background: Most of the tools included in the
PGM Python Toolbox were first developed with
ArcGIS ModelBuilder, but lacked the flexibility necessary to be useful to a broader community. Such
models are ideal for very specific use cases and data
types. Additionally, supplemental Python scripts
called in models were subject to problems with imported modules based on custom operating system
configurations mandated by different institutions.
Python Toolboxes function much like other geoprocessing tools in ArcGIS, including the familiar graphical user interface (GUI) as well as Tool Help dialog,
in a self-contained *.pyt script that contains all parameter, validation and execution code [1]. The most
notable limitation of this tool type is that they do not
support interacting with the map (i.e., reading coordinates of the cursor location), but they do honor selections within a feature layer as with standard tools.
The first version of the PGM Python Toolbox contains four different tools: Shapefile Merge, Topology
Check, Build Polygons, and Slope & Aspect Test [2].
The collective focus of this toolbox is to provide researchers with additional means to migrate legacy
data, assess the quality of data and analysis results,
and simplify common mapping tasks; it is not meant
to solve for problematic data or substitute for fundamental GIS knowledge.
Toolset Summary:
Shapefile Merge Tool. The first tool in the PGM
Python Toolbox is the Shapefile Merge tool, based on
a model created by Trent Hare, which solves for the
common issue of like data saved as separate shapefiles (Figure 1) [2]. For example, scientists often
save land cover units separately for processing pur-

poses, and they must be merged back together to
check for gaps and overlaps between units. The recursive option in the tool searches subfolders in the
workspace in sub-directories and filter by name or
file extension, the output feature class contains a new
attribute with the names of each input.

Figure 1. Merge Files tool GUI.
Topology Check Tool. The Topology Check tool
tests either polyline or polygon-type features against
the spatial relationships required to produce clean
geologic maps (Figure 2). It does this by creating a
topology class, adding rules based on the input feature geometry, validating the topology, and exporting
the results for action by the user. Despite the improved ease of use, though, users must understand the
requirements and limitations related to (re-)creating
topologies in a geodatabase.

Figure 2. Topology Check tool GUI.
Build Polygon Tool. The most highly demanded
tool from the 2016 Planetary Geologic Mappers’
Meeting was to create geologic unit polygons from
contact polylines, with the option to carry forward
unit name attributes. By building polygons from contacts mappers can better ensure topological integrity
without the redundancy of re-attributing units with
each iteration (Figure 3) [3]. It is important that out-
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puts follow a naming convention that keeps versions
in order; the polyline feature class is continually edited, but previous versions polygons may be converted
back to contacts with the Feature To Polyline tool.

Figure 3. Build Polygons tool GUI.
Slope/Aspect Tool. Recently developed tools to
measure strike and dip allow for more precise calculations; however, validation of such results have remained a time-consuming process [3]. The Slope &
Aspect Test tool uses the point results of a strike and
dip analysis to extract the values of derived slope and
aspect rasters from an input Digital Elevation Model
(DEM). These values are then evaluated against the
user-specified tolerance (in degrees) to identify potentially errant results (Figure 4). As with the other
tools, this is meant to identify possible errors for further investigation, not substitute for strike and dip
calculations.

Figure 4. Slope & Aspect Test tool GUI.
Future Work: The PGM Python Toolbox will be
posted to the PGM website for download, and be included with GIS templates for newly approved mapping projects. It is meant to be dynamic, and will
grow to meet the changing needs of scientists as data
and methodologies continue to evolve. New ideas for
geoprocessing tools are encouraged, and community
guidance will be solicited at the annual PGM Metting
and Data Workshop. Recommendations may also be
submitted directly to the author or PGM Coordinator
for consideration. Additionally, researchers who have
developed their own workflows or models may submit them for inclusion in the toolset.

7091.pdf

References: [1] Esri. 2017. What is a Python
Toolbox? http://desktop.arcgis.com/en/arcmap/10.3/
analyze/creating-tools/a-quick-tour-of-pythontoolboxes.htm. [2] T. M. Hare. 2016. AddMerge
Tool. ArcGIS ModelBuilder v10.3.1. [3] USGS
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UNLOCKING MERCURY’S GEOLOGICAL HISTORY WITH DETAILED MAPPING OF REMBRANDT
BASIN: YEAR 3. B. M. Hynek1-2, S. J. Robbins3, K. Mueller2, J. Gemperline1, M. K. Osterloo1, and R. Thomas1,
1
Laboratory for Atmospheric and Space Physics & 2 Dept. of Geological Sciences, University of Colorado-Boulder,
3665 Discovery Drive, Boulder, CO 80303, 3Southwest Research Institute, 1050 Walnut St., Suite 300, Boulder, CO
80302. hynek@lasp.colorado.edu
Introduction: The Rembrandt basin on Mercury
was discovered during the second flyby of the
MESSENGER spacecraft. At ~715-km-diameter, it is
the second largest known well-preserved basin, after
the Caloris basin (~1500 km). The large basins on
Mercury record a focus of subsequent geological
activity, including the interplay between tectonism and
volcanism.
Rembrandt, in particular, records
prolonged compressional and extensional tectonism
and multiple volcanic flooding events. The geologic
evolution of Rembrandt and surroundings includes
late-stage global planetary contraction, as indicated
from cross-cutting thrust faults, including the largest
identified to date on the planet [1]. Understanding the
geological history of Rembrandt basin is thus key to
interpreting the geologic evolution of Mercury at
regional to global scales. A primary objective of this
work is to produce a geologic map of the Rembrandt
basin region (15°S, 65°E to 50°S, 110°E) at the 1:2Mscale that will be submitted for peer-review and
publication by the USGS.
Scientific Objectives: Four goals for this project
are: (1) Delineate the major geologic units in and
around Rembrandt basin to infer the history of activity
in a time-stratigraphic context. (2) Assess the
tectonism in and around the basin, including spatial
and temporal associations among the geologic units
and tectonic structures. (3) Develop an understanding
of how the rheology and stress fields of the lithosphere
in this region affected the formation of the tectonic
structures. (4) Chronicle the bombardment history of
the Rembrandt region to place constraints on the
basin-forming event and its subsequent modification,
as well as the formation of tectonic structures both
related and unrelated to the impact event.
Datasets: Basemaps provided by the USGS
include a Messenger Team Global MDIS grayscale
mosaic (250 m/pix) and MDIS color mosaic (665
m/pix) [2]. A 1 km/pix DTM exists over the western
half of the map area [3] and custom DTMs have been
generated based on stereo pairs of NAC images.
Additionally, we have spent significant time making
controlled mosaics from ~2600 NAC images available
in the PDS, filtered by incidence angle (60°-70°; 70°80°; 80°-90°) to highlight topographic features.
Current Status: Fig. 1 shows the complete draft
of our geologic map and unit descriptions. We have
delineated 11 distinct non-crater-related geologic units
based on morphology, topography, texture, color

(spectral
information),
and
other
primary
characteristics. Units related to Rembrandt basin
include several classes of interior plains, hummocky
material, rim material, and basin-radial lineated terrain
inferred to be ejecta. Exterior units include low and
high albedo plains, intermediate terrain, and heavily
cratered highlands. 820 individual tectonic structures
were mapped, with 89% being contractional features.
Large craters (>40km) were mapped as geologic units
based on degradation similar to the five-age
classification system yielding another three units
corresponding to C4, C3, and C2 craters.
Crater Age-Dating: Additionally, 47,032 craters
down to 3-km-diameter have been mapped for unit age
determinations (Fig. 1). These have been classified as
primary or secondary and superposed vs. pre-dating
craters. Absolute ages are based on the primary
superposed population. Isochron plots have been
completed for all geologic units as a whole and also
N(10) ages; all using both the Neukum Production
Function [4] and that of Le Feuvre and Wieczorek’s
porous model [5]. Both systems give similar ages.
Geologic History: Cratered Highland and
Intermediate Terrain are the most ancient features in
the map region and record heavy bombardment and
unit development until 4.0 Ga. The Rembrandt impact
occurred around 3.9 Ga and was coeval with radial
Lineated Blocky Terrain and low albedo exterior
plains (IeLAP) that may be impact melt. Inferred
volcanic plains units were emplaced within and
outside of the Rembrandt basin until 3.6 Ga. Several
classes of plains units were delineated based on setting
(intra- vs. inter-crater) and spectral characteristics. A
few depressions inferred to be volcanic vents are
present; however, most plains units entirely fill lowlying depressions and source vents are not evident.
Acknowledgements: Funding for this work came
from NASA PGG grant NNX14AP51G.
References: [1] Watters, T.R. et al, (2015), GRL,
42, 3755–3763. [2] http://messenger.jhuapl.edu/the
_mission/mosaics.html. [3] Preusker, F.J. et al, (2011)
PSS, 59, 1910–1917. [4] Neukum, G. et al., (2001)
PSS, 49, 1507-1521. [5] Le Feuvre, M. & M.A.
Wieczorek, (2011) Icarus, 214, 1-20.
Figure 1 (below): Geologic map, Correlation of
Map Units, and representative isochron plots using
only superposed primary craters (green) with the
Neukum Production Function [4].
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Preliminary Design of Wide-Angle Polarimetric Camera for the First Korean Lunar Mission. M. Jeong1, Y.-J.
Choi1,2, S. S. Kim3, K.-I. Kang4, Y. G. Shkuratov5, V. G. Kaydash5, G. Videen6, C. K. Sim3, I.-H. Kim3, 1Korea Astronomy and Space Science Institute, 776, Daedeokdae-ro, Daejeon, Korea (msjeong@kasi.re.kr), 2University of
Science and Technology, 217, Gajeong-ro, Yuseong-gu, Daejeon, Korea, 3Kyung Hee University, 1732 Deogyeongdaero, Yongin-si, Korea, 4Korea Advanced Institute of Science and Technology, 291 Daehak-ro, Daejeon, Korea,
5
Astronomical Institute of Kharkov National University, 35 Sumska St, Kharkiv, Ukraine, 6Space Science Institute,
4750 Walnut St. Suite 205, Boulder CO, USA

Introduction: Polarimetry data contain surface information such as the grain size, maturity, and porosity
of the regolith [1,2,3]. However, few detailed polarimetric studies of the lunar surface have been performed
[4], in part because polarimetric instrumentation has
not been incorporated into a lunar orbiter. We plan to
perform polarimetry in lunar orbit through the Korea
Pathfinder Lunar Orbiter (KPLO), which will be
launched around 2018/2019 as the first Korean lunar
mission. A Wide-Angle Polarimetric Camera (PolCam)
is one of the onboard instruments for the KPLO. The
science objectives are the following: (1) to obtain polarization data of the whole lunar surface at wavelengths 320 nm, 430 nm and 750 nm for a phase angle
range from 0° to 135° with a spatial resolution of ~100
m; and (2) to obtain the reflectance ratios at 320 nm
and 430 nm for the whole lunar surface with a spatial
resolution of ~100 m. We will briefly introduce the
preliminary design of the PolCam and its operation
concept.

Theory of operation: PolCam has two optics systems, both of which are tilted from the nadir toward the
lateral direction by 45°. The oblique observation allows us to obtain phase angles larger than 90°. The
phase-angle coverage for each color band range is from
0° to 135°. This coverage is important for polarimetry
because the polarimetric response is dependent on the
phase angle. Additionally, the polarization maximum,
which is a quantifiable parameter, occurs near a phase
angle of 100°. For this reason, the PolCam has a lateral
FOV. PolCam has three color bands that are 320, 430,
and 750 nm with polarization filters. Each optic has a
configuration of 320nm/0°[TBD], 320nm/90°[TBD],
430nm/0°, 430nm/60°, 430nm/120°, 750nm/0°, and
750nm/90°, respectively. The swath width of PolCam
is about 35 km at an altitude of 100 km with oblique
observation, and the spatial resolution is approximately
100 m. PolCam has been constructed of two parts that
are an electronix box and optics box. The optics box is
installed on the nadir plate of the KPLO and the electronics box is installed inside of KPLO near the
onboard computer.

Mass
Dimensions

Figure 1 The concept of operation for PolCam. PolCam is plan to perform with obilque pointing from the
nadir toward the lateral direction by 45°.

Electronics box
Optics box

FOV
Swath width
Imaging pixels
Input voltage
Power
Operating Temperature

3 kg
150 x 120 x 62 mm3
250 x 150 x 100 mm3
10°
35 km (at 100 km)
512 x 6 channels
24 ~ 32.8 V
15 W
-20° ~ 50°

Figure 2 Preliminary design (upper) and specifications
(bottom) of PolCam.
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Strategy for writing a good data management plan for a ROSES proposal. S. P. Joy1, R. J. Walker1, T. A.
King1, J. N. Mafi1, 1Department of Earth, Planetary, and Space Sciences, University of California, Los Angeles, 595 Charles Young Drive East, Los Angeles, CA 90095-1567.
Introduction: For the last several years the text of
the Research Opportunities in Earth and Space Sciences (ROSES) calls have made it clear that NASA expects that all of the grants that it funds must archive
any data products that are generated with the Planetary
Data System (PDS, https://pds.jpl.nasa.gov) or an
equivalent archive. Having a well thought out and
complete data management plan (DMP) is essential to
being selected. While it is often difficult for reviewers
to assess the value of Science A versus the value of
Science B, it is fairly easy to determine whether or not
both proposals contain good data archiving plans. If the
choice is close, the better archiving plan may be the
deciding factor. Here we outline a strategy for generating a well written DMP.
Start early: Don’t put off writing the DMP until
the last few days before the proposal is due. It may
take longer than you think to research the archiving
options, contact the archives, get letters of cooperation,
etc. Authors frequently find that archiving with a particular organization requires special data formatting,
metadata preparation, or specialized documentation
that may not have been anticipated. Leave time to respond to things that are learned in the process.
Select the right archive: Proposers may read the
statement that any data products produced must be
archived with the (PDS) or an equivalent archive and
stop reading. If they continue to read they find out that
if an equivalent archive is proposed, it is the proposer’s
responsibility to demonstrate that the archive is equivalent. While the PDS is an excellent archive for many
planetary data sets, it may not be the best place to archive some laboratory experiment data, theoretical
models and simulations, software, etc. There are other
archives (i.e. National Institute for Science and Technology - NIST, United States Geological Survey –
USGS, National Space Science Data Coordinated Archive – NSSDCA, NASA GitHub) that may be a much
better archive site for some data sets. Proposers should
consider where they would look to obtain data similar
to those they are creating. If the answer isn’t the PDS,
then maybe an equivalent archive is the right option. If
you’re not sure, go to the PDS and see if you can find
any data that are similar to what you anticipate producing. If you can’t find any similar data in the PDS, then
1) users probably won’t look there for your data, and 2)
the PDS may not have the infrastructure to easily assimilate your data into their systems. There are numerous good equivalent archives available, take the time to

find the right one. Proposal reviewers are likely to
check the proposed archive for similar products and
your proposal will fare better if they find some.
Understand the nomenclature and standard
practices of the selected archive: It is important to
demonstrate knowledge of the archive selected. In general, the PDS does not archive software. It may accept
software as a component of the documentation of a
calibration/data processing procedure but it is not a
software archive. If the archive products are software,
then the author should plan to archive at the NASA
GitHub, and the proposal should communicate a
knowledge of open source coding practices and the
built-in tools associated with Git repositories in general. Similarly, many of the spectral or chemical properties databases require particular data formatting and
metadata. Make sure that the proposal communicates
knowledge of these standards.
Include a realistic work plan and budget: One of
the common failings of DMPs is that they don’t allow
enough time/budget for data archiving or they assign
all of the effort to a student worker. The DMP should
make it clear that archiving is a priority. Low skilled
labor may be used for many of the routine tasks like
running the data processing pipeline. However, the
work plan and budget should show some effort from a
senior level person. Typically this effort involves writing documentation and verifying that the archive products were generated correctly. In addition, the work
plan should include a schedule of activities and deliverables. This should be detailed enough to include estimates of the number and formats of data files, the
average size of individual files, and the size of the
complete archive. Lastly, if the proposal includes multiple data deliveries, then plan to archive at the time of
each delivery. Archiving that only occurs at the end of
the performance period may be considered a risk to
successful completion.
Archiving with the PDS: The PDS is organized by
scientific discipline into nodes that are responsible for
archiving data for that discipline. The nodes are: Atmospheres, Cartography and Imaging, Geosciences,
NAIF, Plasma Interactions, Ring-Moon Systems, and
Small Bodies. The first step in proposing to archive
with the PDS is to contact the discipline node with
which you plan to archive your data. You need to describe the data at a high level to the node manager or
contact so that they can decide if your data would fit
well within their discipline or would be better served
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elsewhere (another PDS node or maybe even another
archive). If the PDS node agrees that your data should
be archived with them, they will provide a letter of
confirmation stating that they will work with you to
archive your data. The PDS provides some very helpful
guidelines for individuals proposing to archive data
(https://pds.jpl.nasa.gov/documents/IndividualProposers-Archive-Guide-v11.pdf) with the PDS.
The PDS defines a set of metadata standards
(PDS4) that describe how data are physically stored,
organized, and documented. Data are usually organized into collections of uniform data structure and
content (derived data in ASCII tables, image mosaics
in FITS format, etc.). It is important that you discuss
the data formats with the PDS Node. Not all formats
are acceptable and the PDS data engineers have experience in designing products that are useful to their
particular user communities. Once the Node understands what you intend to archive, they can help you to
define how many data collections may be required and
this should be discussed in the DMP.
Documentation is also organized into collections.
The PDS nodes can help you to define which types of
documents you might need to include in your document
collection. At a minimum, there will need to be a document that describes the format and content of the data
files, and their organization. If the number of files
(>50) or formats (>2 or 3) is large, then the Node
might suggest a formal Software Interface Specification (SIS) be included with the archive. Less complicated data sets might lend themselves to less formal,
but no less comprehensive documentation. Make sure
that your DMP discusses the contents of all data and
document collections and that you have PDS concurrence with your plan.
The PDS4 metadata that describe individual files
(products) can be fairly complex. In addition, while the
PDS standards may indicate that some parameters are
optional, the archiving Node may require it for your
data. For example, there is a collection of parameters
that are used to describe the image illumination (phase,
incidence, and emission angles) and geometry (lat, lon,
altitude) of a given product (image, spectra, etc.).
These parameters cannot be required for all products
because they only make sense for products like images.
They would be meaningless for magnetometer data
spanning a long time interval. Data providers need to
work closely with the PDS node to design the appropriate metadata for the planned archive. The effort required to generate the metadata templates for each of
the file formats is often larger than that required to
develop tools to populate these templates (i.e. it may
take longer to generate the metadata for five files with
different formats than 500 files of the same format).
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The PDS requires external peer review of all data
archives, not just those from NASA missions or flight
projects. PDS typically reviews the proposed archive
internally for a few days before involving external reviewers. The data provider may need to update the
data, documents, or metadata as a result of the internal
review. When the archive is ready, PDS will make the
archive available to an external review panel that usually requires 3-4 weeks to complete its review. At the
end of the review, the data provider will be asked to
address any deficiencies that are identified in the data,
metadata, or documentation. Addressing review liens
can take anywhere from a few days to several weeks
depending on the scope of the changes requested.
Make sure that your work plan allocates time for peer
review and subsequent lien resolution.
Summary: Regardless of where you eventually archive your data or software, there are a few basic
things that you can do to improve your DMP:
1) Start thinking about the archiving component of
your proposal early;
2) Decide where best to archive for your products;
3) Be able to demonstrate knowledge of the standards and practices of the selected archive in your DMP;
4) Include a realistic work plan, schedule, and
budget for all of your activities including archiving.
If you decide that the PDS is the appropriate archive
then there are a few additional elements that need to
consider.
1) Contact your PDS node early and secure a letter of confirmation that the PDS Discipline
Node is willing to work with you and accept
your data for archive.
2) Work with that Node to create a high-level archive design in order to be able to demonstrate knowledge of the PDS process and
standards in your DMP.
3) Include time in your work plan/schedule well
upstream of the first archive delivery where
you work closely with the Node to design
your metadata and metadata production pipeline.
4) Include time and budget for senior scientists
to write critical components of documentation
and verify that archives have been correctly
generated.
5) Plan to deliver your archive as soon as possible. Don’t wait until the end of the performance period if products are naturally generated earlier in the process.
6) Understand the peer review process and timeline. Make sure that you include time after the
review to address any deficiencies identified
during the review.
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CREATING TRUE-COLOR IMAGES OF MARS FROM SPECTROMETER DATA. A. P. Karides, D. C.
Humm, and F. P. Seelos, Johns Hopkins University Applied Physics Laboratory 11100 Johns Hopkins Rd, Laurel,
MD 20723

Introduction: True-color images of the planet
Mars are generated from spectral radiance data taken
by the Compact Reconnaissance Imaging Spectrometer
for Mars (CRISM) [1] on the Mars Reconnaissance
Orbiter (MRO) [2]. CRISM covers the whole range of
wavelengths seen by the human eye, sampled at ~6.5
nm, which allows accurate modeling of how a given
CRISM scene would appear to a human looking down
from orbit around Mars. These derived true-color images (e.g. Figure 3A) are quite different in appearance
from CRISM visible wavelength visualizations presented in the existing literature, including the TRU
(enhanced visible color) browse product [3] which is
constructed from visible wavelength data but stretched
to accentuate spectral variability (e.g. Figure 3B).
Process: The true-color spectral transform procedure makes use of CRISM Planetary Data System
(PDS) standard product Targeted Reduced Data Record (TRDR) spectral radiance (RA) image cubes.
A CRISM hyperspectral Visible and Near InfraRed
(VNIR) image cube has 107 channels from ~360 nm to
~1060 nm. However, only the wavelength bands between 380 nm and 780 nm affect human color perception as shown in the International Commission on Illumination CIE Color Matching Functions [4] (Figure 1).
These functions show how much each component in
the XYZ color space is affected by radiance as a function of wavelength. However, preprocessing of the both
the CRISM radiance data and the CIE reference functions is required.
VNIR filter boundary correction. CRISM spectral
radiance values at wavelengths from 631 nm to 710 nm
are radiometrically unreliable due to an order sorting
filter boundary [1]. To correct for this, a 2nd order polynomial was fit to the 4 bands on either side of the
boundary, and the interpolated values replaced the suspect values in the radiance spectra. This was done independently for every spatial pixel in the image.
CIE color matching function spline. The CIE Color
Matching Functions are sampled every 5 nm [4] while
CRISM VNIR data has a ~6.5 nm spectral sampling
[1]. Therefore the CIE function for each of the three
tristimulus values, X, Y, and Z was interpolated to the
CRISM wavelength vector using a cubic spline. The
resulting values were then buffered in wavelength to
match the 107 channel CRISM spectral radiance data.
Creating the CIE tristimulus values. Each of the
three interpolated and buffered CIE Color Matching
Functions was multiplied by the radiance spectrum for

each CRISM spatial pixel. This created a weighted
image cube for X, Y, and Z. Newton-Cotes integration
of the radiance-weighted X, Y, Z spectra was performed to arrive at the tristimulus 3-vector for each
spatial pixel. These results were then compiled into an
image cube with the vertical and horizontal dimensions
equal to the input CRISM image and the tristimulus
values in the third dimension.
Scaling to the capability of the monitor. Luminance
in candela/m2 is defined as 683 times the Y tristimulus
value [5]. In order for the image to display on a computer screen with reasonably accurate brightness, each
tristimulus value is multiplied by the typical monitor
luminance, and then divided by the 3-sigma value of
the Y tristimulus distribution (chosen to represent the
maximum value while excluding errors) times 683.
While this creates a proportional brightness image, it
does not create a “true-brightness” image unless the
monitor brightness exceeds that of the Mars scene.
Transformation into the sRGB colorspace. The
sRGB colorspace is the standard colorspace originally
for use on the internet [6]. For each pixel, the (X, Y, Z)
vector of tristimuli bands was multiplied by a transform
matrix to create the sRGB red, green, and blue values
(Figure 2). The result is then adjusted for a 2.2 gamma
correction [6] [7], and multiplied by 255 (from the
hexadecimal color range) for 24-bit color specification.
These values can then be used to plot each respective
pixel color on the sRGB color space. Map-projected
renderings of CRISM image FRT00003E12 of Nili
Fossae are shown in true-color and false-color for
comparison (Figure 3A, 3B).
Imagery Note: Any true-color image will not be
truly accurate unless printed using a calibrated printer
or displayed on a calibrated monitor. Images should
not be viewed in any software that distorts color, contrast, or brightness.
References: [1] Murchie S. et al. (2007) Journal of
Geophysical Research, 112. [2] Zurek R. W. and
Smrekar S. E. (2007) Journal of Geophysical Research, 112. [3] Viviano–Beck C. E. et al. (2014)
Journal of Geophysical Research, 119, 1403–1431. [4]
CIE 15: Technical Report: Colorimetry, 3 rd ed. (2004).
[5] McCluney W.R. (1994) Introduction to Radiometry
and Photometry [6] Stokes et. al. (1996) A Standard
Default Color Space for the Internet – sRGB, Microsoft and Hewlett-Packard Joint Report, Version
1.10 [7] Bell J. F. et al. (2006) Journal of Geophysical
Research, 111. 3.2.
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Figure 3A (below) CRISM image FRT00003E12 in
true-color created through the process detailed in the
abstract.

Figure 1 (above) CIE Color Matching Functions for
each wavelength that affects color.

Figure 2 (above) Transform matrix and operation that
the X, Y, Z tristimulus values undergo to become part
of the sRGB colorspace.
Figure 3B (below) CRISM image FRT00003E12 in
enhanced visible color (false-color) created with one
band each for red, green, and blue (R: 592 nm; G: 533
nm; B: 492 nm).
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Desktop Exploration of Remote Terrain (DERT). L. E. Keely1, L. J. Edwards1, and M. C. Malin2, 1NASA (Ames
Research Center, Moffett Field, CA), 2Malin Space Science Systems (San Diego, CA).

Introduction: A digital terrain model (DTM) is a
digital elevation model draped with one or more coreferenced orthoimages. NASA missions have provided numerous DTMs for locations on Earth, Mars, and
the Moon. However, these data sets are large and complex and somewhat underutilized due to the lack of
dedicated software tools and documentation. DERT
provides a basic 3D viewer for exploring NASA
DTMs on the desktop.
Building upon a rich software history from NASA
Ames, DERT utilizes a virtual world to visualize and
navigate the DTM. Additionally, DERT provides several tools that aid in understanding the topography and
spatial relationships of terrain features.
Data in both PDS and GeoTIFF formats are supported. Files are preprocessed into multi-resolution
image pyramids to improve rendering performance.
DERT is open source and available at
https://github.com/nasa/DERT. Pre-built releases for
OS X and Linux are provided on the website.

Candor Chasma, Mars (HiRISE) with shadows determined with JPL’s SPICE library.

Terra Cimmeria, Mars (HiRISE) with CRISM
chloride deposit layer

Apollo 15 Landing Site (LROC)

Arabia Terra, Mars (HiRISE) with cutting plane
and difference map.

Upheaval Dome, Utah (USGS) with terrain profile
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THE NASA-USGS PLANETARY SPATIAL DATA INFRASTRUCTURE INTER-AGENCY
AGREEMENT. L. Keszthelyi, J. Hagerty, S. Akins, B. Archinal, M. Bailen, M. Bland, K. Edmundson,
R. Fergason, T. Hare, R. Hayward, M. Hunter, J. Laura, S. Sides, M. Velasco. U.S. Geological Survey,
Astrogeology Science Center, Flagstaff, AZ (laz@usgs.gov).
Introduction: The term planetary spatial data
infrastructure (PSDI) encompasses a very broad
array of activities conducted across the international planetary science community [1]. The data
management plans of individual NASA research
and analysis grants, the cartography plans of spaceflight missions, the International Astronomical
Union, the NASA Planetary Data System (PDS)
and its equivalents in other countries, and a host of
commercial, academic, and government entities
are all key players in this long-term endeavor to
provide scientists with the ability to work with data
that have a spatial component. This abstract is intended to clarify the role of the NASA-USGS PSDI
Inter-Agency Agreement (PSDI-IAA) within this
much larger environment. As discussed here, the
work funded via the PSDI-IAA is only imperfectly
encapsulated within PSDI.
History: The PSDI-IAA is an evolution of the
long-standing NASA Planetary Cartography Program that was housed within the now defunct Planetary Geology and Geophysics Program (PG&G).
This program has existed, in one form or another,
for well over 30 years. All the functions the USGS
carried out under the old “Carto” program continue
but new tasks have been added.
Relationship to MAPSIT: One key evolution
has been the replacement of the PG&G review
panel with the Mapping and Planetary Spatial Infrastructure Team (MAPSIT). MAPSIT ([2]
http://www.lpi.usra.edu/mapsit/) is a community
advisory group organized to identify strategic
PSDI needs for NASA space science and exploration. It is intended to operate in a manner analogous to the NASA Planetary Science Division assessment groups (such as MEPAG, OPAG, SBAG,
etc.). One difference between MAPSIT and the
AGs is that NASA has directed the USGS to administer this effort via the PSDI-IAA.
While the focus of MAPSIT is much broader
than overseeing the planetary cartography work at
the USGS, it is expected that MAPSIT will provide
key feedback to NASA about what should be done
under the PSDI-IAA and what should be completed under other auspices (e.g., PDART, mission
teams, PDS, etc.). However, before it can provide
such specific guidance, MAPSIT will need to complete its roadmap that lays out the strategic vision
for how NASA will maintain a healthy PSDI.

Current and Near-Term PSDI-IAA Tasks:
Through the IAA, NASA directs the USGS Astrogeology Science Center to fill certain key needs for
NASA planetary exploration, especially as related
to PSDI for research and analysis. The work package is determined annually and reviewed quarterly.
For FY17 and FY18, the PSDI-IAA has 6 themes:
Infrastructure and Data Access (15-16% of funding), Standards (20-21%), Software Development
and Tools (35-37%), Products (7-9%), Community
Engagement (12-14%), and Management and Personnel (7-9%). The tasks often cross theme boundaries so the level of effort on each type of work is
only approximately matched by the dollar amounts
in each theme. Note that currently there is not a
one-to-one correspondence between the PSDIIAA themes and the existing SDI themes [1].
Infrastructure and Data Access. This theme includes the following tasks: (1) Database/Dataset
Searching Web Services which aims to provide
data to a variety of web services via a standard protocol; (2) DPW Management and Development
which maintains the hardware and software for the
digital photogrammetric workstations that produce
digital topographic models of planetary surfaces;
(3) MRCTR GIS Lab and Mapping Standards
which maintains a guest facility for geologic mappers to work at the USGS in Flagstaff and works to
develop and promulgate international GIS standards for planetary science; (4) USGS Regional
Planetary Information Facility (RPIF) which is
moving away from hard-copy data toward becoming a location to obtain expert assistance in obtaining and working with digital planetary data; (5)
New Centralized Map-based Search Portal on the
Astrogeology Website which is to be completed in
FY17; and (6) Astrogeology Geologic Materials
Collection starting in FY18 to maintain drill core
and other geologic materials from key terrestrial
analog sites in a state that is easy for researchers
around the globe to access.
Standards. This theme has the following tasks:
(1) Planetary Geodesy which coordinates with the
IAU Working Group on Cartographic Coordinates
and Rotational Elements to provide the community
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with internationally agreed upon coordinate systems for all planetary bodies; (2) Planetary Geologic Mapping Program Coordination which
guides NASA planetary geologic mappers through
the process of producing and publishing USGS series map products for planetary bodies; and (3)
Planetary Nomenclature which coordinates with
the IAU Working Group for Planetary System Nomenclature to provide internationally agreed upon
names for features on planetary bodies.
Software Development and Tools. This theme
includes the following tasks: (1) Automated Image
Matching to Support Control Network Generation
which is researching new matching methods in
FY17 and is transitioning to application to generating CTX controlled mosaics on a regional scale;
(2) Camera Model Architecture which is researching the use of the Community Sensor Model standard to allow planetary data to work with a wide variety of tools developed for Earth remote sensing;
(3) Maintenance and Support of the Integrated
Software for Imagers and Spectrometers which
keeps the infrastructure in place to develop, support, and maintain the widely used ISIS3 package
[3]; (4) Integrated Photogrammetric Control Environment (IPCE) which aims to bring a major improvement in the usability of the tools used to apply rigorous photogrammetric control to products
from the full variety of planetary data; (5) SOCET
GXP Conversion which is migrating planetary stereogrammetry from the deprecated SOCET SET
software to current SOCET GXP software. In
FY18 we plan to add the following tasks: (1) Git
for Integrated Software for Imagers and Spectrometers to bring the ISIS3 software repository up to
USGS required standards and (2) Improve ISIS3
Control Networks to Handle Larger Data Sets
which is necessary for products we expect to produce in FY19 and beyond.
Products. This theme includes the following
tasks: (1) Completion of the USGS’ Enceladus
Cartographic Package which adds key supplementary information to the recently completed controlled image mosaic for Enceladus [4]; (2) MESSENGER Image and Topographic Maps of
Mercury which will produce for Mercury the type
of product that has proven to be very popular with
researchers and the public for the Moon; (3) THEMIS Controlled Mosaics of Mars which will complete a multi-year effort in FY18; (4) Creation of a
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Global Shape Model for Enceladus which is a logical extension of the controlled image mosaic; and
(5) Updated Global Basemap and Renewed Photogrammetric Results for Europa to provide the best
basis for planning the future Europa Clipper and
Europa Lander missions.
Community Engagement. This theme has the
following tasks: (1) USGS Review Panel Attendance which covers the full-cost accounting requirements for USGS staff to serve on NASA review
and advisory panels; (2) USGS Planetary Spatial
Data Infrastructure Community Engagement
which includes the administration of MAPSIT activities; and (3) ISIS3 Workshops to restart in
FY18.
Management and Personnel. This theme includes the following tasks: (1) NASA-USGS PSDI
IAA Implementation which is the internal management of the cornucopia of PSDI-IAA work; (2)
PSDI Human Capital Maintenance which provides
funding for postdocs and graduate students to obtain real-world experience working on PSDI activities; and (3) Software Committee to incrementally
improve the USGS software development processes. Tasks (1) and (3) will be funded by the
USGS but the progress on their deliverables will be
monitored by NASA.
Future Directions: Over the next few years,
the expectation is that the relative effort towards
generating products will increase at the detriment
of software development. This will happen naturally as the SOCET GXP and IPCE activities transition from software development to the use of the
new tools to create cartographic products. Longerterm, it is important to continue to better integrate
the IAA work with other PSDI activities within and
beyond USGS. We envision having a USGS Flagstaff Planetary Software Suite (UFP-SS) that provides the user with the products they want with the
smallest possible learning curve. One avenue to
this is to leverage the massive investment the
USGS has made in SDI for the Earth. Overall, the
goal is to make the spatial component of planetary
data “just work” for the researchers and explorers
of tomorrow.
References: [1] Laura, J.R., et al., (2017)
Planet. Sci. Vision 2050 Workshop, Abstract
#8110. [2] Lawrence, S., et al. (2016) LPI XLVII,
Abstract #1710. [3] Sides, S.C., (2017) LPSC 48,
Abstract #2739. [4] Bland, M.T., et al. (2016)
LPSC 48, Abstract #2342.
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Development of KPLO Science Data Archive for Public Release. J. H. Kim1, Y. J. Choi1, and B.-Y. Kim1,
1
Korea Aerospace Research Institute, Lunar Exploration Operation Team, 169-84 Gwahangro, Daejeon, 34133 Repulic of Korea (kl0630@kari.re.kr).
Introduction: Korea Aerospace Research Institute
(hereafter KARI) is carrying out development of the
ground system to operate the Korean first lunar orbiter,
called Korea Pathfinder Lunar Orbiter (hereafter
KPLO). The Science Data Management Subsystem(hereafter SDMS) of the ground system will perform the functions of long-term preservation and the
public release of scientific measured data from science
instruments onboard of KPLO.
The mission payloads of KPLO will consist of several instruments to perform the science missions and
technology demonstration. Three of the science instruments are being developed by Korean domestic institutes. The three instruments are a gamma ray spectrometer (KGRS), a wide-angle polarimeter (PolCam)
and a magnetometer (KMAG). The science data acquired by the three science instruments will be released
to the public users in order to enhance scientific
achievement with international science communities.
The public release of the science data will be performed through KARI Planetary Data System (hereafter KPDS) as one of modules in Science Data Management Subsystem.
Science Data Management Subsystem: SDMS is
one of the subsystems of the KPLO ground system.
The SDMS will perform the archive of the science data
from the Korean domestic science instruments and release the science data to public users(Fig. 1).
Public users

Long term
main storage
(Raw & Processed)
Long term
Storage
(Raw & Ancillary)

oSDM
Module

KARI
Operation
network

Raw &
Ancillary Data

KARI
Internal
network

Korean Science
Instrument
Developers

KARI Planetary Data System: KPDS will provide the following key functions for easy science data
retrieval by researchers and public users.
(1) Text(keyword) query based retrieval of the
science data with various meta information in XML
format.
(2) Management of multi-level users with accessibility
(3) To archive softwares and documents for scientific analysis and processing
(4) To collect the public users’ feedback about
the science data processing, analysis and the related
discussion in order to enhance the scientific achievement.
The Korean science data to be released through
KPDS will be complied with PDS4 standards in order
to be efficiently managed,easily accessible and shared
the scientific information with the world-wide science
community.

KPDS
Website
(Commercial
Web server
or
Portal site)

Backup Storage
(Raw & Processed)

iSDM
Storage
Server

and the public release performed by SDMS. However
the science data of the NASA funded instruments will
be also released to the publics through NASA PDS.
The key functions of SDMS are development of the
science data management and archive plan, and standard compliance and public release management of the
Korean science data of KPLO.
SDMS consists of three modules for KARI internal
data management and KPDS for the public release of
the Korean science data and the public users’ feedback
collection.

eSDM
Module

Raw &
Ancillary Data

KARI
External
network

Processed Data
Raw & Ancillary Data

Figure 1 SDMS interface diagram
We define that the Korean science data is the scientific measured data acquired by three science instruments developed by Korean domestic institutes. The
NASA funded instruments and technology demonstration instruments are not subject to the data management

Figure 2 KPDS GUI Preliminary design
The preliminary design of KPDS user interface is
shown in Figure 2.
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Summary: The Korean science data is defined as
science measurement data acquired by Korean domestic developed science instruments onboard KPLO.
The Korean science data will be released to the
publics in order to promote the higher scientific
achievement through sharing the data with world-wide
science communities.
SDMS will also collect the public users’ feedback
for scientific processing and analysis on the korean
science data through KPDS.
The primary objectives of SDMS including KPDS
are :
(1) Efficient science data management and
preservation for the developers
(2) Enhancement of Science achievement for the
researchers
(3) Easy access to the Korean science data for the
publics.
We will refer todata management and archive plans
for LRO and Chandrayaan-1/M3 as lunar exploration
programs,
MAVEN
for
Mars
exploration,
CASSINI/Huygens for Saturn explorations in order to
prepare for the KPLO science data management and
archive plan.
We expect to provide the opportunity for easy access of the publics to the korean science data through
KPDS. The opportunity will derive their positive requirements on science missions and scientific researches on the future space explorations.
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CREATING A GLOBAL GEOLOGICAL MAP OF MERCURY WITH MESSENGER DATASETS. Mallory J.
Kinczyk1, Paul K. Byrne1, Louise. M. Prockter2, Brett W. Denevi3, Lillian R. Ostrach4, James A. Skinner4, Debra L.
Buczkowski3, Brian M. Hynek5. 1Planetary Research Group, North Carolina State University, Raleigh, NC 27695.
2
The Lunar and Planetary Institute, Houston, TX 77058. 3The Johns Hopkins University Applied Physics Laboratory, Laurel, MD 20723. 4U.S. Geological Survey, Astrogeology Science Center, 2255 N. Gemini Dr., Flagstaff, AZ
86001. 5University of Colorado, Boulder, CO 80303, USA.
Introduction: The MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER)
spacecraft orbited Mercury from 2011 to 2015 and
imaged the planet in its entirety. A global monochrome
image mosaic was released to the Planetary Data System (PDS) in 2016 at a resolution of ~250 m/pixel [1],
allowing for rigorous geomorphological mapping on a
global scale. This vastly improved data product forms
the basis for the first global geological map of Mercury
[2] —which will facilitate the comparison of units distributed discontinuously across Mercury’s surface, enabling the development of the first global stratigraphic
column and providing a guiding basis for future investigations involving the planet’s geological history.
Map Status: The map has been prepared for publication at 1:15M scale and will be submitted to a peerreviewed journal for publication. However, the standards for maps published following USGS guidelines
afford detailed community feedback and result in a
product that will provide a more robust basis for future
mappers and missions. As a result, a proposal was
submitted to and funded through the PDART program
to publish the map as a USGS Scientific Investigations
Map (SIM) series product.
Geomorphological units for the current map were
delineated on the basis of texture, color, and topographical relief. These include impact craters, intercrater plains [3], smooth plains [4], and ejecta facies of
several large impact basins [5-7], as well as linear/point features such as tectonic landforms [8], hollows [9], and pyroclastic vents [10]. Efforts going forward for the SIM will be focused on improving the
state of mapped unit boundaries based on data products
that are currently being finalized and will be publicly
available in a final MESSENGER PDS data release in
the coming months, These data will also be used to
enhance the map with additional delineated units as
warranted.
Mercury’s Intercrater Plains: At present, the intercrater plains unit is the most extensive mapped unit
on Mercury’s surface. It comprises plains materials that
lie between large craters and basins and contains a high
spatial density of small superposed craters 5–15 km in
diameter [3]. The origin of intercrater plains has been
disputed, with proposed mechanisms including effusive
volcanism and impact melt pools originating from ancient large impact events [11,12]. Assessing spatial

color variation within the intercrater plains could further our understanding of the spatial and temporal differences within this large region on Mercury’s surface.
Previously, artifacts from temporal variation of the
Wide-Angle Camera responsivity were as large as or
larger than Mercury’s true color variations, preventing
reliable comparisons of regional color properties.
However, recalibrated data now accurately resolve
regional color variations within the intercrater plains
[12].
Denevi et al. [12] identified an isolated area of intercrater plains with different color properties than the
surrounding regions, centered at ~10° N, 270° E (Fig.
1). Throughout this region, the intercrater plains have
moderate reflectance and most impact craters with distinct ejecta deposits expose high-reflectance red material (HRM), defined by a steeper spectral slope and
elevated reflectance relative to Mercury’s mean. HRM
is spectrally equivalent to smooth plains deposits [13],
and examples of such material exposed by impact craters [14] were thought to represent older generations of
buried volcanic plains. The margins of this area (shown
in enhanced color in Fig. 1a) mark a transition to more
frequent exposures of low-reflectance material (LRM)
within craters and lower overall surface reflectance.
This is one of several regions of observed color variations within the intercrater plains.
As part of our work to prepare the Mercury global
SIM, we will seek to characterize regional changes in
color, topographic and compositional differences, and
variations in crater degradation and crater size–
frequency distributions to identify and distinguish PreTolstojan and Tolstojan intercrater plains. The presently available enhanced color mosaic shows evidence
that the intercrater plains are not a morphologically or
temporally homogeneous unit. Therefore, identifying,
resolving, and including these subdivisions in the Mercury global SIM will provide information critical to
future studies of the planet’s stratigraphy and early
geological history.
Deriving Age Estimates for Major Surface
Units: Relative and absolute model ages will be determined by evaluating stratigraphic relationships and
crater measurements (areal densities and crater sizefrequency distributions) for units delineated during this
work as well as reevaluating published crater sizefrequency distributions for previously delineated units.
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Revising Existing Linear and Point Features: As
is the case for the other data sets we will compile in the
Mercury global SIM, the existing maps of shortening
and extensional structures will be refined with the updated control network and improved viewing geometries of the latest MDIS basemaps [1] at a scale of
1:5M (to be published at 1:15M scale). We will in general follow the approach used in preparing the existing
map of including only those shortening structures ≥100
km in length, but in places it may be appropriate (e.g.,
for areas of shortening deformation but where no structures ≥100 km long occur) to incorporate shorter landforms. For extensional structures, we will include examples ≥50 km in length (which represents a balance
between map completeness and representing structural
complexity), but will again map shorter examples at
given locations if their exclusion on the map would
otherwise imply that no extensional deformation resolvable at 1:5M occurs there.
We will also incorporate those landforms on Mercury too small to map discretely at the 1:5M scale as
point features, e.g., hollows and pyroclastic vents and
their associated deposits. In the current map, these features were based upon global surveys conducted prior
to the availability of the revised global control network
[9,10]. These features will be reevaluated to ensure
their locations are updated.
These tasks will improve the state of the current
geological map and will lead to a product that will be
consistent in scientific utility with other USGS SIM
products.

Figure 1. (a) Region of intercrater plains containing prominent areas of HRM in the enhanced color mosaic. (b) Current
geological map of Mercury (intercrater plains shown in light
blue) with outline of possible addition of high-reflectance
intercrater plains unit in red.

Impact craters ≥8 km in diameter will be measured for
representative regions of each major mapped surface
unit, including possible intercrater plains units, major
impact basin-related units (such as the Caloris and
Rembrandt units), and select smooth plains units.
By deriving their crater size-frequency distributions, we will place each unit into the current chronostratigraphic system for Mercury (i.e., Pre-Tolstojan,
Tolstojan, Calorian, Mansurian, and Kuiperian [15]).
Representative sections of each unit will be selected on
the basis of a spatial randomness analysis [16,17]. Absolute model ages for mapped units will be derived
with two modern chronologies for Mercury [18–20].

References: [1] Chabot, N.L. et al. (2016) LPS, 47, #1256.
[2] Prockter, L.M. et al. (2016) LPS, 27, #1245. [3] Whitten, J.L. et
al. (2014) Icarus, 241, 97–113. [4] Denevi, B.W. et al. (2013) J.
Geophys. Res. Planet, 118, 891–907. [5] Hynek, B.M. et al. (2016)
LPS, 47, #2312. [6] Buczkowski, D.L. et al. (2015) LPS, 46,
#2287. [7] Prockter, L.M. et al. (2009) LPS, 40, #1758. [8] Byrne,
P.K. et al. (2014) Nature Geosci., 7, 301–307. [9] Blewett, D.T. et
al. (2013) Science, 333, 1856-1859. [10] Thomas, R.J. et al. (2014)
J. Geophys. Res. Planets, 119, 2239–2254. [11] Wilhelms D. E.
(1976) Icarus, 28, 551–558. [12] Denevi, B.W. et al. (2016) LPS,
47, #1624. [13] Head, J.W. et al. (2011) Science, 333, 1853–1856.
[14] Ernst, C.M. et al. (2010) Icarus, 209, 210-223. [15] Spudis,
P.D. and Guest, J.E. (1988) in Mercury, U. Ariz. Press, 118–164.
[16] Michael, G.G. et al. (2012) Icarus, 218, 169-177. [17] Platz,
T.G. et al. (2013) Icarus, 225, 806-827. [18] Marchi, S.A., et al.
(2009) Astron. J., 137, 4936-4948. [19] Marchi, S.A., et al. (2013)
Nature, 499, 59-61. [20] Le Feuvre, M. & Wieczorek, M.A. (2011)
Icarus, 214, 1–20.

3rd Planetary Data Workshop 2017 (LPI Contrib. No. 1986)

7110.pdf

Demonstration of New OLAF Capabilities and Technologies. C. Kingston1, E. Palmer, J. Stone, C. Neese, B.
Mueller, 1Planetary Science Institute, 1700 E Ft Lowell Rd, 110, Tucson AZ, ckingston@psi.edu
Introduction: The On-Line Archiving Facility
(OLAF) provides an interface by which individuals
can submit data to the Planetary Data System (PDS) so
that it can be archived and made available to the public. OLAF is maintained by the Small Bodies Node
and is being modernized during the upgrade to supporting the PDS4 data archiving standard.
Over the past year, OLAF has begun a transformation into a more modern web application. The proliferation of modern web technologies has made user experience a top priority. It is thus critical that OLAF users
find the application easy to use and navigate. We are
addressing this goal in OLAF by:
•
applying modern web scripting frameworks,
specifically Angular.js and Node.js
•
using these frameworks to separate the client
development from the server logic
• leveraging open-source software modules and
their communities
•
developing a RESTful API from the existing
OLAF codebase to consume data supplied by
the server
Additionally, OLAF now includes the capability to
upload tabular data as Comma Separated Values (CSV)
files, as well as an improved method for upload and
batch processing to simplify the data submission
process.
Benefits: These are some of the benefits of using
the Angular framework with OLAF:
•
Simplifies and enhances client-side development
• Promotes re-usability of code blocks and custom validations
• Minimizes existing code revision
• Allows customizable, efficient and secure API
requests
• Uses highly-readable JSON strings for data
exchange
• Improves code maintainability
• Utilizes semantic URLs
•
Provides access to hundreds of thousands of
open-source software packages
• Incorporates new data types easily
The use of CSV files for tabular data allows users
to use spreadsheet software like Excel to generate data
files. Other benefits of CSV files include:
• Headers are embedded directly in the file
• Number of steps in the data upload process is
reduced

•
•

CSV files are easier to format than fixed
width tables
Files are more human-readable

Figure 1: The form above demonstrates how the new
OLAF will use color to immediately provide users
feedback based on custom form validation, clarifying
what can often be complex metadata inputs.
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REFINING THE MAHUEA THOLUS (V-49) QUADRANGLE, VENUS. N.P. Lang1 , K. Rogers1, M. Covley1,
C. Nypaver1, E. Baker1, and B.J. Thomson2; 1Department of Geology, Mercyhurst University, Erie, PA 16546
(nlang@mercyhurst.edu), 2Department of Earth and Planetary Sciences, University of Tennessee – Knoxville, Knoxville, TN
37996 (bthomso1@utk.edu).

Introduction: The Mahuea Tholus quadrangle (V49; Figure 1) extends from 25° to 50° S to 150° to
180° E and encompasses >7×106 km2 of the Venusian
surface. Moving clockwise from due north, the Mahuea Tholus quadrangle is bounded by the Diana
Chasma, Thetis Regio, Artemis Chasma, Henie, Barrymore, Isabella, and Stanton quadrangles; together
with Stanton, Mahuea Tholus is one of two remaining
quadrangles to be geologically mapped in this part of
Venus. Here we report on our continued mapping of
this quadrangle. Specifically, over the past year we
have focused on refining the geology of the northern
third of V-49 and mapping the distrubiton of small
volcanic edifices.
Map overview: The map area is characterized
predominantly by lowlands (Zhibek and Nsomeka
planitiae) that have an overall north-northeast trend
~1000 kilometers wide and ~2000 km long. They appear to have served as a depocenter for numerous volcanic flows sourced from the northern and southern
rims of the basin as well as from localized sources from
within the basin itself [e.g., 1].
The southern edge of the lowlands gently rises into
Dsonkwa Regio, an apparent volcanic center that extends south into the V-58 quadrangle (Henie) where it
is hosts two coronae and >>103 small shield edifices
[e.g., 2] that comprise Mena Colles, a shield field that
stretches between V-49 and V-58; these coronae and
shields are the sources of volcanic material flowing
north into Zhibek and Nsomeka planitiae.
The northwestern rim of the basin is noted by the
presence of the Diana-Dali Chasmata system, which
cuts across the northwest corner of the map as it extends from near Artemis Corona in V-48 to the west [3]
to Atla Regio to the northeast (V-26). This rift system
is ~500 km wide here and has an overall northnortheast trend that parallels the basin, but has two
southeast trending arms that extend a few hundred kilometers into the quadrangle.
Diana-Dali Chasma: The NE-trending Diana-Dali
Chasma characterizes the NW-edge of the quadrangle
and is one of the two-most prominent features of the
map area. Emanating from this zone are multiple lava
flows that appear to be sourced from both coronae and
individual fractures. Flow materials have traveled both
north and south of this zone, creating an extensive flow
field that encompasses an area of 1.2 x 106 km2 across
the northern and central portions of V-49. In the surrounding quadrangles, the Diana-Dali Chasma has been

divided by major corona-associated flow fields that
continue into V-49. These flows are identified as the
central points of volcanism within the rift zone and
were used to help in determining stratigraphy. There
are four coronae present within the Diana-Dali Chasma
in the map area: Agraulos, Annapuma, Colijnsplaat,
and Mayauel. Flow material from coronae outside of
V-49 extend into this part of the map area adding further complexity to the stratigraphy of this region. Timing of fracture formation appears non-uniform with
NE-trending suites of fractures cross-cutting E-W
trending fracture suites; this suggests different parts of
the rift zone were active at different times (stress regimes within the fracture zone varied with time) with
the youngest episodes of rift-associated volcanism likely having occurred before and during formation of the
NE-trending fractures. The total area of the Mahuea
Tholus quadrangle is roughly 6.5 million km2 and,
within that area, the major coronae flow fields (Agraulos, Annapuma, Colijnsplaat and Mayauel) resurface
~25% of the quadrangle. Though they emanate predominantly from the northern part of V-49, coronae
and rift-sourced lavas appear to have been the dominant source of volcanic resurfacing in this map area.
Figure 1a below shows the refined map of the northern
part of V-49; figures 1b-f highlight critical timing relations with the northern part of V-49.
Small eidfices: four edifice types: shields, flats,
cones, and domes. Shields are identified by a change in
backscatter, shallow slope, and a diameter ≤ 20 km.
Flats are identified as circular edifies with little topographic expression, diameter of ≤ 20 km, and contrasting radar dark/bright backscatter. Cones are identified by radar brightness, steep slope, and a diameter of
≤ 15 km. Domes are identified by their very circular
form, flat tops, and diameter of 20-30km. In V-49, a
total of 637 small shield volcanoes are present. Of that
637, 277 are shields (~43%), 209 are cones (~33%),
149 are flats (~23%), and 2 are domes (<<1%). The
four types of shields show a range of average diameters; domes: ~36 km (Standard Deviation [SD] of ~0.5
km), flats: ~11km (SD of ~4 km), shields: ~4 km (SD
of ~2 km), and cones: ~3 km (SD of ~1 km). The areas
of highest density of volcanic edifices (7 to 9 x 10¯⁴
shields/km²) are found in the NW (near 158° E, 30° S)
and SW (near 162° E, 49° S). These two sites are associated with Puaulinka crater and Nortia Tesserae. The
lowest density of volcanic edifices (0 - 2 x 10¯⁴
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shields/km²) can be found in the central area of the
quadrangle (near 162° E, 37° S) where shield occurrences are associated with Mahuea Tholus and Urd
Tesserae. Shields in V-49 often occur in tight clusters
known as shield fields [4]. There are four shield fields
identified in the quadrangle located at the following
coordinates: (158° E, 30° S) (154° E, 48° S) (161° E,
49° S) (171° E, 39° S). Small volcanic edifices resurfaced ~25,000 km² (.38%) of the 6,500,000 km² quadrangle. This work suggests that small shields have not
played a significant role in large-scale volcanic resurfacing of V-49; instead, volcanic resurfacing here may
be related to larger sources (e.g., Diana-Dali and associated features).
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Preliminary geologic history: The history derived
from our continued mapping is consistent with our previeous mapping efforts and with that identified in surrounding quadrangles. The geologic history for V-49
punctuated by multiple, overlapping periods of volcanism and tectonism that occurred at both large and small
scales and seemingly erased much of the earlier history
for this part of Venus; Diana-Dali appears to record
multiple and distinct stress orientations.
References: [1] Moore, H.J., et al. (1992), JGR, 97, E8,
13,479-13,493. [2] Guest, J.E., et al. (1992), JGR, 97,
15949. [3] Bannister, R.A. and V.L. Hansen (2010),
USGS SIM 3099 – Geologic Map. [4] Crumpler, L., et
al. (1997), Venus II, 697-756.

Figure 1: Current state of geologic mapping of the Mahuea Tholus (V-49) quadrangle, Venus.
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THE ROLE OF TECHNOLOGY IN A PLANETARY SPATIAL DATA INFRASTRUCTURE J. R. Laura, L. R.
Gaddis, T. M. Hare, and J. J. Hagerty. U.S. Geological Survey, Flagstaff Arizona (jlaura@usgs.gov)
Introduction: Spatial Data Infrastructure (SDI) is a
theoretical framework to support user driven spatiotemporal data discovery, access, and utilization [5].
NASA has long supported the broad goals defined by
SDIs without explicit identification of the components or
how they might interact. Given the potentially significant
challenges and costs of spatial data acquisition, it is necessary to treat spatial data as a multi-use product [5] that
provides the foundation for leveraging spatial expertise
from multiple institutions. Simplistically, spatial data
should ”just work” for the non-spatial expert. Realizing
this goal requires spatial and technical expertise, interand intra-organization coordination, transparent policies,
shared interoperability standards, and buy-in by the user
community.
Components of Spatial Data Infrastructure: The
terrestrial geospatial community asserts that spatial is
special [1], whether in reference to the increased demands on data collection and storage, the additional information embedded within a spatial data product, the inherent challenges in statistical inference when issues of
spatial autocorrelation exist, the need to model spatial error, or the increased computational costs associated with
handling all of the above. Likewise, a PSDI is special
and is clearly distinguished from terrestrial counterparts.
For example, the breadth of planetary data products is
small compared to terrestrial products, making data fusion activities that much more critical. Likewise, planetary foundational data products are iteratively refined,
while terrestrial products take a more hierarchical approach. A significant amount of overlap does exist, and
we can leverage the successes and failures of previously
proposed and developed SDIs. SDIs are a combination
of people, regulatory mechanisms and policies, access
technologies, standards, and spatial data themselves [8,
10], Figure 1.
People: Theoretically, spatial data users should be
the primary drivers of all PSDI components[7]. Management of the human components includes the development and stewardship of the critical skills necessary to realize a PSDI, the communication mechanisms to engage and educate stakeholders (data collectors, providers, and users), and the techniques to connect
with non-expert and new users [3]; this is a user-centric
and not techno-centric view.
Standards: Data standards support accurate geopositioning, interoperability, and usability. Spatial location is critical for both horizontal and vertical integration of spatial data sources (data fusion between instruments and between derived products). Accurate positioning is a function of effective pre-launch sensor cal-

Figure 1: Conceptual, product based model of a spatial
data infrastructure. After Rajabifard, 2002. (Modified).

ibration, in flight calibration, and data-driven in situ calibration. Interoperability and usability of complex spatial
data are also major concerns for terrestrial SDIs and significant effort has been dedicated to the development of
robust specifications (e.g., the Open Geospatial Consortium (OGC) spatial standards or the Community Sensor
Model (CSM)).
Policies: SDI as a regulatory mechanism is successful through a combination of stakeholder engagement,
organizational (whether government or otherwise) policies, and volunteer compliance. The Federal Geographic
Data Committee (FGDC) releases periodic policy guidelines and NASA is in an ideal position to echo these
guidelines and modify as required to more fully address
the needs of planetary data users. These policies assist
in ensuring that standards for data creation and access
are consistent, as well as supporting the necessary infrastructural components of the PSDI with respect to user
engagement. This is a process that requires information
gathering across the planetary community.
Access Network: SDIs exist to share data and it is essential that data providers with appropriate spatial data
expertise are identified. The federated nature of the science discipline nodes within the NASA Planetary Data
System (PDS) provides a template for future PSDI access requirements and the FGDC model of organizational
leads spearheading individual foundational data products
and supporting framework elements is ideally suited for
two reasons. First, distributed ownership of the PSDI
significantly increases institutional buy in. Second, distributed ownership allows for specialization within the
sub-domains described herein. SDI is an inherently complex system [5].
Data: OMB [9] identifies 34 terrestrial data themes
critical to national spatial data utilization. Of these,
seven are considered foundational data sets; the remainder are more specialized, framework (ancillary) data sets
with smaller user bases. We identify three foundational
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data themes: geodetic coordinate systems, elevation, and
orthoimagery (the remaining four are Earth centered).
Geodetic coordinate systems provide the basic positional
framework upon which all other data themes are registered. Within the planetary context the International Astronomical Union has traditionally defined geodetic control through a cadenced revision schedule [2]. Elevation
data, whether point observation, vector TIN or gridded
is a critical data product and key input for derived data
products. Digital orthimagery is the third foundational
data theme. Digital orthoimagery includes not just the
availability of the highest quality available imagery, but
also governs methodologies for the registration of data
and accurate reporting of accuracy metrics to other data
products.
The Role of Technology: Figure 1 illustrates technology as bounding all of the PSDI concepts. We suggest
that technology permeates all of the PSDI components,
from supporting the collaboration of cross domain, spatially distributed science teams, to facilitating efficient
storage or Petabytes of planetary data. We also suggest
that technology is inherently dynamic (transient) and the
cutting edge today is superseded tomorrow. This simple
fact highlights the importance of the PDS [4] in providing a solid, long-lived foundation from which a dynamic
PSDI can be maintained. Using the PDS as the foundation, we explore technology from the perspective of
theoretical data access.
Data access can be conceptualized as being composed of three primary components with differing technical lifetimes. First, the PDS is an exemplar of the longterm storage of data and the technical requirements that
this imposes on formats and archiving. This includes the
distribution of data across nodes and standardization to a
single archival compliant format. In arguing that spatial
data should just work, we are suggesting that the calibration, corrections, and processing to spatially enabled
product should not be a requirement for the end science
user. In making that argument, we push the spatial expertise requirement back onto the spatial experts. This
also requires that data be processed and made available
in this new, spatial form. In the medium term, standards
compliant, infrastructural data availability is a prerequisite for consumption by any number of clients. Standards
compliance is supported both by NASA policy and community adherence. That is, as standards gain weight they
become enforced by the broader community. Finally, we
see front-end clients, whether Geographic Information
Systems, web applications, or full desktop applications
as being developed at the technical cutting edge (and
therefore having the shortest technical lifespans). The
development and use of these interfaces is supported only
by the existence of long- and medium-term access mechanisms.
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While the above is technology centered, we caution
that support of the user is the paramount goal of any SDI
[6]. Technology is one component of a holistic solution
that removes the requirement for spatial expertise from
the non-spatial data user and in developing a PSDI, we
must focus on how technology can fulfill user goals.
The Role of Missions: A frequent concern when presenting PSDI materials is the role of planetary missions
within the PSDI framework when faced with the multitude of science goals and contractual obligations. We
suggest that missions teams are broadly already fulfilling the necessary steps to support a PSDI. This assumes
that (1) the data mission collected are associated with
standards based metadata (e.g., including rigorous sensor
models and error reporting) and (2) the data are submitted to the PDS in using the approved PDS standard and in
a calibrated (science ready, but not photogrammatrically
controlled) form. In this way the data are ‘ready’ for integration into a PSDI. Having the data available, with errors reported and models to generate standardized spatial
products, it is possible for either the mission, or other entities to begin integrating the data into the broader PSDI.
For example, with the processing, co-registration, and integration with existing foundational data products using
OGC standards for data access.
Conclusion: PSDI explicitly frames the components
to support a rich spatial data infrastructure for the planetary science community. Technology is a key, dynamic
component to the PSDI ecosystem. In developing and
operationalizing PSDI we, as the technical community,
must strive to create cutting edge standards compliant
solutions, with long-term data infrastructures that allow
innovation in the forward facing user interfaces.
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SPARSE MULTI-IMAGE CONTROL: THE AUTOCNET LIBRARY J. R. Laura, K. Rodriguez, A. C. Paquette,
U.S. Geological Survey, Flagstaff Arizona, jlaura@usgs.gov
Introduction Accurate control and registration of remotely sensed, non-Earth targeting, planetary imagery is
both critical for science applications and challenging due
to the lack of sufficiently accurate sensor position and/or
pointing information. Current techniques are pseudoautomated with significant human interaction required
to seed correspondences between images, reject outliers,
apply block bundle adjustment, and iteratively repeat until an acceptable solution can be identified [4]. Rapidly
increasing data volumes and the need for globally registered foundational data products [7, 2] require a number
of improved automation techniques, including sparse nimage correspondence identification. That is the identification of tie points between some number, n of images.
To address this need, we have developed a Python library
to support the sparse identification of image correspondences, n-image matching, outlier rejection, and block
bundle adjustment called AutoCNET.
The AutoCNET library is developed as a hybrid
photogrammetric-computer vision (CV) approach to
solve the n-image correspondence problem for three reasons. First, we initially leveraged the freely available
OpenCV computer vision library. This library provided
a large quantity of existing functionality that supported
rapid prototyping and allowed for more constrained identification of functionality that would be required. We no
longer depend upon this library due to installation complexity and lack of performance working with large images. Second, our hybrid CV based approach allows
us to operate with or without an initial, rigorous camera model. While this removes a potentially valuable
piece of information, it significantly simplifies processing. We note that back estimation of a rigorous camera
model using CV techniques is a proven and widely accepted technique. Third, by using a CV approach, we
are able to leverage the vast quantity of cutting edge terrestrial work; this work is largely in the CV and not photogrammetry domain.
Architecture AutoCNET is developed inline with
standard open source software development practices.
We host the source code on the USGS Astrogeology
GitHub organizational page (https://github.com/
USGS-Astrogeology/autocnet), utilize the TravisCI
continuous integration environment for unit and functional testing, provide a number of tutorial notebooks using the Jupyter notebook technology, provide
documentation via ReadTheDocs (http://autocnet.
readthedocs.io/), and continuous delivery using the
Anaconda Python build environment. AutoCNET is a
modular library of functionality and not a delivered endto-end processing pipeline. This is an intentional de-

sign decision due to the complexity and heterogeneity
of sparse control problems. For example, different outlier detection methods are more suitable for different data
characteristics. Therefore, we supply a suite of methods
that a user can test, select, and bulk apply.
Data Representation: As indicated above, a graphbased storage representation, with nodes representing input images and edges representing the adjacency or overlap between images, was selected. A graph-based representation affords a number of low overhead benefits.
First, the graph theory field provides a number of existing graph manipulation libraries (NetworkX) with a
full suite of standard graph manipulation routines (e.g.,
sub-graph identification, clustering, graph-based metrics,
etc.). Second, graphs are commonly used to represent
large data sets due to ease of partioning using a variety
of techniques.
Correspondence Identification: The first step in
matching n-images is the identification of features known
as interest or keypoints. Keypoints are Rotation, Scale,
and Transformation (RST) invariant features (groups of
pixels) within an image and are identified as the minima and maxima of the image after iteratively applying
a Difference of Gaussians function [8]. Keypoints are
matched using either an approximate K-nearest neighbors algorithm or a more performant brute force Graphics Processing Unit (GPU) based approach. The latter requires a CUDA enabled NVIDIA GPU. Once extracted,
we store all keypoints for the lifetime of the project; we
have developed an iterative processing library that can
reuse previously discarded keypoints.
Outlier Detection: The primary difficulty in planetary n-image matching is not the process of identifying
image correspondences, but rather the balancing of type
I and type II errors (errors of omission and errors of commission, respectively). AutoCNET makes available standard symmetry based (e.g., AB = BA) correspondence
checking and Lowe’s ratio test that measures the ambiguity between the top two candidate matches for each correspondence [8]. Estimation of the geometric relationship
between two or more images is also a common outlier
detection mechanism and AutoCNET supports the computation of pairwise homographies (though we note that
these are planar and topography induced error will be a
concern) as well as the Fundamental Matrix (F). AutoCNET also supports Maximum Likelihood Estimation of
a refined F matrix that minimizes triangulation error [6].
Sidiropoulos [10] show that these outlier detection techniques are inadequate as the total pixel count increases.
Therefore, AutoCNET also provides CPU- and GPUbased coupled decomposition techniques that iteratively

3rd Planetary
Data Workshop 2017 (LPI Contrib. No. 1986)
2

match and decompose large images into corresponding
sub-images.
Refinement: We note that a purely feature-based CV
approach does not provide adequate positional accuracy
as feature-based correspondence detection techniques (as
well as some template based approach such as Normalized Cross Correlation) offer, at best, pixel level accuracy
[3]. Therefore, we have implemented both a naive template based matcher and the Ciratefi algorithm. Ciratefi is
an RST invariant template based matcher [1] that allows
us to avoid geometric reprojection.
Sparsity: The cost of bundle adjustment increases
exponentially with the number of identified image correspondences. Therefore, sparsity with good geometric
coverage is essential. AutoCNET offers two methods to
improve coverage and sparsity. First, radial suppression
[5] is a heuristic solution technique that ranks pairwise
correspondences by some cost function and attempts to
select the ‘strongest’ correspondences with good spatial distribution using a user define maximum correspondence count. AutoCNET also supports n-image Voronoi
diagram computation using the reprojective Homography (that is accurate enough for a bounding box projection) to assess the total area each correspondence is attempting to cover. This metric is critical in identifying
regions with too few correspondences.
Interoperability: As part of the AutoCNET project,
we seek to iteratively apply matching, outlier detection,
and bundle adjustment techniques; bundle adjustment
is just another outlier detection method in this context.
Therefore, we have wrapped the ISIS3 bundle adjustment
functionality (Jigsaw) using the SIP library for access
via Python. This allows for native Python calls to execute a component of the ISIS API and view the resultant
information as a Pandas DataFrame. Additionally, we
have wrapped (or developed and wrapped) a number of
GPU based libraries to support more performant matching, (e.g. CudaSift and CudaCoupledDecomposition).
CTX Current work focuses on n-image correspondence identification and control of data collected by the
Mars Reconnaissance Orbiter Context Camera (CTX)
[9]. The CTX camera is a line scan sensor with a 5000
pixel linear array at approximately six meters per pixel.
The CTX sensor has been selected for three reasons.
First, CTX data exhibits wide variability in total spatial
extent per image (see Figure 1). The disparity in extent
and homogeneity of the surface require additional a priori matching constraints using either standard techniques
or coupled decomposition techniques. Second, the CTX
data set has over 99% global coverage and greater than
60% repeat coverage making this a high priority candidate data set for both another controlled base and future
medium resolution change detection studies. Finally,
in seeking to utilize a hybrid photogrammetric-CV ap-
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Figure 1: Thirteen test images in the Athabasca Valles
region as a graph object (left) and visualized footprints
(generated using ISIS3 and the ISIS3 camera model).

proach, we have explicitly assumed that a rigorous camera model is not available for correspondence identification. This approach has held for a framing camera and
CTX allows us to determine if this assumption will hold
for a more complex line scan sensor.
Conclusion We have developed an open source library
that supports iterative matching of images. This work
leverages proven terrestrial matching techniques to provide scalability and automate the matching process. We
have identified two primary areas of future work. First,
our ISIS3 interoperability efforts write an intermediary
control network to disk and we seek to work entirely in
memory. Second, we are testing our library and expanding necessary functionality by creating a small relatively
controlled CTX mosaic. We seek to expand this work
and integrate additional users during FY18.
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CONTROLLED COLOR MOSAICS OF VESTA WITH DAWN FRAMING CAMERA IMAGES. Lucille Le
Corre1, Kris J. Becker2, Robert Gaskell1, Jian-Yang Li1, Vishnu Reddy3, David T. Blewett4, Paul Lucey5. 1Planetary
Science Institute, Tucson, AZ (lecorre@psi.edu), 2USGS Astrogeology Science Center, Flagstaff, AZ, 3Lunar and
Planetary Lab/UA, Tucson, AZ, 4Johns Hopkins Applied Physics Laboratory, 5University of Hawaii, Honolulu.

Introduction: The focus of this work is to process
the Dawn Framing Camera (FC) multi-band data for
Vesta to improve spatial, spectral, and photometric accuracy and create global clear and 7-color mosaics at the
best resolution possible (using images at ~60 m/pixel
acquired during the High Altitude Mapping Orbit
phase). Our end goal is to investigate two science questions: 1) model and constrain the anomalous photometric behavior of Vesta’s surface using FC clear and color
images, 2) investigate the effects of space weathering on
the regolith using protocols successfully applied to other
basaltic bodies in the Solar System (e.g., Moon).
Vesta Shape model: We built an updated version of
the shapemodel of Vesta with stereophotoclinometry
(SPC) using all the FC clear filter data from the Vesta
phase. We improved as many artifacts as possible that
were located in craters. We generated new SUMFILES
and new SHAPE.txt containing the Vesta shapemodel
that we converted to a new version of a Digital Shape
Kernel (DSK) SPICE kernel (.bds) using NAIF routines.
From the SPC, one SUMFILE is generated for each image and contains a summary of the results for the SPC
solution with updated ephemeris for camera pointing
(CK) and position of the spacecraft (SPK) and list of all
the landmarks detected in the image. The ephemeris
contained in the SUMFILE can be used to update the
instrument pointing and spacecraft position in the corresponding ISIS image cube. This approach applies
Gaskell’s global control network solution derived from
SPC processing to ISIS image data for better image-toimage registration.
Registration of color images: We started with registration of color images from HAMO2 cycle 6 (1957
images). We prepared the images to register using the
routine PROCESS_IMGC and created new SUMFILEs
using the routine MAKE_SUMFILESC. We first tested
the registration of color images by running a few images
with the routines REGISTER (rough alignment of the
image with the topographic map of reference) and
AUTOREGISTER (to align image on landmarks accurately. For a given image, AUTOREGISTER adds detected landmarks in the SUMFILE and update position
of the image in the SUMFILE after applying auto-alignment. During this process, we check the quality of the
correlation with the landmarks and remove poorly correlated landmarks from the list in the SUMFILE. We
tested the routine AUTOREGISTER in batch mode and

did not use REGISTER as the images are already matching the shape model well and we only need to refine the
registration with AUTOREGISTER. Then we used this
routine in parallel mode to process images faster for all
the HAMO2 color data. Clear filter images used to build
the shape model are already well registered between
each other and to the shape, so there is no need to use
this routine. We used all their SUMFILEs along with the
IAU shape model as a basis for the color images registration. The use of ephemeris data from the SUMFILEs
for all the FC images will allow for better image-to-image registration. We will test the registration we obtained for the HAMO2 dataset. But, in case the registration is not sufficient, we already investigated another
potential method of registration of the color images. Recently, ISIS routines for feature-based matching based
on OpenCV algorithms that are open source have been
implemented and already used successfully for
MESSENGER images [1].
Updated ephemeris: In order to use the
SUMFILES created during the construction of the
shapemodel (for clear images) or created by registering
to the clear images (for color images) to update the SPK
and CK kernels (spacecraft position and pointing), we
implemented a new routine in ISIS called sumspice.
This process involves updating the pointing of the instrument and position of the spacecraft from the contents of the SUMFILE directly in the ISIS image cube
files. Since the pointing and position are updated by
SPC techniques that are used to generate the shape
model, the revised ephemeris in the SUMFILEs should
improve individual image geometry and correlate
highly with the SPC shape model. This application is
used instead of the more difficult and error prone process of creating CK and SPK kernels using NAIF programs. However, sumspice was initially developed for
Hayabusa AMICA images and the timing in their SUMFILEs corresponds to the middle time of the images. For
the Dawn FC images the timing is the start time so we
implemented changes in the routines to make the SUMFILEs useable for FC images.
Shape model in DSK format: The updated Vesta
shape model in ICQ (implicitly connected quadrilateral)
format in a text file was converted it to DSK format
(.bds) using the NAIF routine MKDSK, and also converted the DSK to an ISIS cube format using the ISIS
application dsk2isis. To fully utilize the new DSK shape
model, direct support for the DSK format was added to
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ISIS. This addition greatly improves geometric quality
of the image dataset because of existing problems with
the current ISIS DEM implementation to orthorectify
and reproject Dawn FC images. For example, some areas in the projected image mosaic were missing (pixels
set to null instead of showing reflectance values) because ISIS eliminates real data beyond the ellipsoid and
at extreme topography changes, and introduces artifacts
in areas of occlusions. The DSK format allows the representation of the shape as a collection of triangulated
plates. This allows for more precise definition of the
shape and fewer artifacts when building an image mosaic. By using the DSK for defining the shape, we can
have a more complete mosaic of the surface of Vesta
(for example at high emission angles). However, the
processing is much slower (~200 images in 12h instead
of 2000 processed) and still shows some issues during
the projection step such as erroneous data in areas of occlusions or beyond the limb.
Dawn FC color data calibration and mosaicking:
To check quality of image-to-image registration we created an average mosaic for each filter (computing an average using all the images for a specific filter for each
pixel), the sharper the surface features appear the better
the registration is (Fig. 1). In addition, to evaluate the
registration of the images relative to the shape model we
extracted the coordinates of the middle point in all color
frames and computed the local incidence and emission
angle for the all the pixels in the unprojected frames. We
did this using the color images and SPICE kernels from
the PDS for HAMO2, and we will also do these three
tests after including the HAMO1 color data. The same
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processing will be applied again on the same image dataset once we update the instrument pointing and spacecraft trajectory of the FC color images from the SUMFILEs using the ISIS routine sumspice. We will then
check if the registration is improved after applying updates from the SUMFILEs by comparing the results of
these tests.
For the calibration of the FC images available in the
PDS Small Bodies Node, we converted them to I/F to
be able to use them for photometric modeling and analysis. We implemented a Bash script that can convert the
level 1B clear and color data to I/F taking into account
the distance from the Sun and calibration factor published in previous work by the Dawn team.
Conclusion: We produced an updated shape model
derived from stereophotoclinometry and started registering the FC color frames to this shapemodel. We will
test the quality of the color image registration. We will
also apply photometric correction of the Dawn FC image thereby removing the effect of illumination conditions, which is necessary for accurate compositional
analysis. Our primary data product will be archived in
the PDS: a color mosaic of Vesta with orthorectified
data (topographic distortions and camera distortions removed) in units of reflectance (I/F). Intermediate data
products such as seven-color stations will also be delivered to the PDS.
References: [1] Becker et al. (2016) Lunar and
Planetary Science, #47, Abstract #2959.
Acknowledgement: This work was supported by
NASA Planetary Missions Data Analysis Program grant
NNX14AN16G.

Figure 1: Average mosaic for F8 filter (438 nm) with HAMO2 color data in simple cylindrical projection centered at 0 longitude.
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PROCESSING OF AMICA AND NIRS OBSERVATIONS OF ASTEROID ITOKAWA FROM THE
HAYABUSA MISSION. Lucille Le Corre1, Kris Becker2, Vishnu Reddy3, Jian-Yang Li1, Roberto Furfaro3, Eri
Tatsumi4, Robert Gaskell1. 1Planetary Science Institute, Tucson, AZ (lecorre@psi.edu), 2USGS Astrogeology Science
Center, Flagstaff, AZ, 3Lunar and Planetary Lab/UA, Tucson, AZ, 4The Univ. of Tokyo.

Introduction: The goal of this work is to restore
data from the Hayabusa spacecraft that is currently
available in the Planetary Data System (PDS) Small
Bodies Node. The archived Itokawa AMICA (Asteroid
Multi-Band Imaging Camera) images are not radiometrically calibrated and photometrically corrected (corrected from the effect of varying viewing geometry).
Therefore, this PDS dataset is not directly usable for
analysis of the reflectance of Itokawa’s surface. For processing images from AMICA and spectra from the
NIRS (Near-InfraRed Spectrometer) instrument we
used the Integrated Software for Imagers and Spectrometers (ISIS) system version 3. Our main objective is to
process the AMICA mutliband and NIRS (point spectrometer) data to create global mosaics, perform photometric modeling on the calibrated data, apply photometric corrections, and extract mineralogical parameters.
The end results of this effort will be the creation of pyroxene chemistry and olivine/pyroxene ratio maps of
Itokawa using combined NIRS and AMICA map products. All the products/maps from this work will be archived in the PDS. All newly implemented ISIS3 applications and map projections from this work will be distributed via ISIS3 public releases.
AMICA images: The processing of clear and color
images starts with the ingestion of the images in ISIS3
using the application amica2isis and the attachments of
the right SPICE kernels using spiceinit to get geometric, pointing and trajectory information. Then, the
AMICA start time needs to be updated due to a discrepancy between the start times in the label of the PDS label
and the start times retrieved by StereoPhotoClinometry
(SPC) modeling and stored in resulting SUMFILEs. The
AMICA start times were known to have a 12 second uncertainty where some have been corrected by Gaskell
and retained in the SUMFILEs.
S/C trajectory and AMICA pointing: We implemented a new ISIS3 application called sumspice that
can update s/c trajectory and pointing information. This
application was developed to apply ephemeris pointing
and spacecraft position data to individual images using
SUMFILEs, a byproduct of digital elevation modeling
(DEM) processes. It has been designed to also apply
timing corrections contained within the SUMFILEs to
image observation start times. We discovered this discrepancy when evaluating geometric alignment with the
Itokawa DEM. This issue was resolved with additional
functionality added to sumspice to apply the start times

in the Gaskell SUMFILEs to each image and is a selectable user option in the application. Testing of this
application as applied to AMICA images of Itokawa
shows very good alignment after application of timing,
pointing and spacecraft position updates. It did, however, reveal a very slight scale difference. This has been
tracked to the AMICA camera distortion model. The
model as documented in the instrument manuscript was
initially added to the ISIS camera model. It appears
there was no distortion model applied during SPC modeling work. Therefore, we have removed the distortion
parameter from the ISIS AMICA camera model.

Figure 1: Image A shows the raw unprocessed image. Image B is the
calibrated image. To demonstrate the smear removal aspect of the calibration, Image C shows a hard stretch of the raw image that highlights
the smear component of the data. Image D is calibrated.

For the processing itself, we first ran sumspice to
modify the start time then spiceinit needs to be reran to
update the target body position and orientation. Finally,
sumspice is applied again but with different parameters
in order to update the pointing and trajectory information for each image. The sumspice application has
been completed and distributed to the community in the
ISIS 3.4.12 release. Alternatively, if smithed CK and
SPK kernels with more precise ephemeris were built
from the updated images, rerunning spiceinit after the
first run of sumspice would have the same result. We
can also provide the adjusted start times in the new
AMICA labels of the raw image in the PDS archive.
Basic calibration. Radiometric calibration is processed using the application amicacal. The most noticeable effect of the calibration is smear correction as
demonstrated by the hard stretch shown in Fig. 1. Calibration steps based on [1] include multiplication by 16
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for lossy data, substraction of the bias, linearity correction, removal of hot pixels, read out smear removal
(smear correction was processed correctly onboard until
Oct. 2005), division by exposure time. It also has an option to remove the pixels corresponding to the polarizing filters on the left side of the image. In addition, amicacal can be applied to subframes and binned images.
Conversion to radiance and reflectance. The v band
images can be converted from DN to radiance using the
conversion factor given in table 9 in [1]. For the ul, b,
w, x, p filters, the scale factors in the same paper are
used to convert from DN to normalized reflectance. We
calibrated the filter zs by deriving a scale factor using
Itokawa spectrum from [2]. However, the phase angle is
different between the color calibration set used in [1]
and this ground-based spectrum. We can compare to
NIRS spectra acquired at the same time with similar
phase angle (Fig. 2). Unlike the AMICA images we
used, NIRS footprints do not cover the full disk of Itokawa, which could account for the differences.

Figure 2: Comparison of AMICA reflectance data averaged on Itokawa full disk with a NIRS average spectrum taken at the same date.

Point Spread function (PSF) and scattered light.
The last version of the PSF published by [3] includes
correction for the effect of scattered light. This effect
can add 10% level in error and the PSF is affecting
mostly the longer wavelength filters such as p (Fig. 3)
and zs.
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scattered light with deconvolution and comparing with
methods from [3]. Image sharpness can be improved
significantly using the narrow PSF with RichardsonLucy algorithm as done in [1]. If scattered light correction is implemented, scale factors for conversion from
DNs to radiance would need to be recalculated.
Mosaics. Images are reprojected using cam2map
and are assembled together to create global or local mosaics (Fig. 4) with the application automos.

Figure 4: Projected images using cam2map (including orthorectification with the DSK). The mosaic is an equirectangular projection at 5.3
cm/pixel, some of the highest resolution images in this dataset.

NIRS spectra: We developed a new application in
ISIS3, nirs2isis to import NIRS data from the PDS.
nirs2isis translates parameters from the PDS label, computes the wavelengths in microns and reorders the channels by increasing wavelength. We also added the NIRS
camera model in ISIS in order to be able to reproject the
data with pixel2map using the full field-of-view (FOV)
for the entire exposure time. The FOV is derived from a
user specified number of instantateous FOVs (IFOV)
that are computed at evenly spaced time increments of
the pixel exposure duration. After building NIRS mosaics of Itokawa, we will correct to standard geometry and
extract the band parameters for all the NIRS data using
the new mineral calibration developed in [4].
New projection:. The difficulty for an object with
irregular shape such as Itokawa is the presentation of the
data on maps with geographic projections. Some projections are better suited to minimize distortion but it cannot be completely eliminated with any standard projection. A new projection is being added to the ISIS3 system that is specifically designed to work well with small
oblate bodies. It is well suited for small bodies that rotate about one of the short axes. The Upturned Ellipsoid
Transverse Azimuthal projection have been developed
and is in the final stages of testing.
References: [1] Ishiguro et al. (2010) Icarus, 207, 714–731.
[2] Binzel et al. (2001) Meteoritics & Planet. Sci., 36, 1167–1172.

Figure 3: (Left) Original image after basic calibration showing the
level of brightness in the sky background due to scattered light.
(Right) Image after scattered light removal and sharpening.

The Hayabusa team used the color data for six of the
filters for scientific analysis after correcting for the scattered light. We are currently testing how to correct for

[3] Ishiguro et al. (2014), Publications of the Astron. Soc. of Japan,
66, 3. [4] Bhatt et al. (2015), Icarus, 262,124-130.
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MOONDB: UPDATE ON THE RESTORATION AND SYNTHESIS OF LUNAR GEOCHEMICAL AND
PETROLOGICAL SAMPLE DATA. K.A. Lehnert1, C. Evans2, N. Todd2, R. Zeigler2 1Lamont-Doherty Earth
Obseravtory, Columbia University, 61 Rt 9W, Palisades, NY, 10964, USA; lehnert@ldeo.columbia.edu, 2Johnson
Space Center, full mailing address and e-mail address).

Introduction: Nearly 2,200 rocks, soils, and core
samples were collected during the Apollo missions
from six geologically diverse locations on the Moon.
These samples have been curated with utmost care and
expertise and made available to the global research
community for studies that have helped expand our
understanding of the history and evolution of the Moon
and our solar system. Over 3,000 different studies have
been conducted in the nearly 50 years since the samples were collected, but the study of the lunar samples
continues as new scientific approaches and vastly improved analytical technologies generate new data and
insights. An average of >55 requests and >600 distinct
subsamples are still been allocated annually.
While new studies are encouraged, it is important
to recognize that the Apollo samples are a finite resource and new studies should not duplicate previous
studies, but rather leverage previous results, helping to
preserve the samples and scientific funding.
We created the MoonDB project to develop a data
system that not only rescues and restores analytical
data from the Apollo samples generated over the past,
especially unpublished analytical data, but that provides a home for all future data generated on these
samples, integrating them with the older data and making them accessible in a way that maximizes their utility for new science.
Developement of MoonDB: Over the past two
years, the MoonDB project has focused on the following tasks: 1. compiling data and relevant metadata
from published scientific articles, from the Apollo
Sample Compendium, and from datasets contributed
by researchers, and preparing them for ingestion into
the MoonDB relational database (formatting, harmonizing terminology); 2. encouraging and supporting
lunar scientists to prepare their unpublished geochemical data for ingestion into MoonDB; 3. developing the
MoonDB Reference Catalog that integrates references
from all relevant databases; and 4. developing the
MoonDB database and user interface.
Data Restoration: Since the beginning of the project in 2015, we have identified about 850 priority papers and compiled the data and metadata from approximately 700 of these papers for ingestion into
MoonDB. Based on input from investigators, we have
digitized 6 of the 16 NASA technical reports that had
been published by the Department of Geology and the
Institute of Meteoriticis of the University of New Mex-

ico in the 70's and 80's. We have and permanently preserved these digitized datasets in the EarthChem Library (http://www.earthchem.org/library), where they
have been published and registered with DOIs so they
can be properly cited. Additional reports will be made
available shortly.
We have reached out to authors for unpublished datasets that were intended to be included with abstracts
and papers. However, despite the investigators’ initial
enthusiasm for the project and our offers for resources
to assist the data compilation, few researchers have
contributed their datasets and we have received only a
handful of responses. We anticipate that we will be
more successful once we can demonstrate the utility of
MoonDB when a fully functional user interface is
available. We also expect that tangible results that have
already come out from the MoonDB data rescue effort
will further increase willingness to contribute. A pilot
project involving the rescue of geochemical data of
John Delano on Apollo pyroclastic glasses (for example [1]) has already been referenced in multiple Apollo sample requests, and Delano’s compiled data were
used as part of one of the new studies.
MoonDB Database: We have developed and implemented the MoonDB database using the Observation Data Model [2], which provides the necessary
capabilities of describing samples, hierarchical sample
relationships, and analytical procedure and data quality. Scripts have been developed to read compiled data
from our data templates and ingest them into the relational database. The ingestion of all compiled data will
be completed by the end of May 2017.
MoonDB Search Interface: The MoonDB search
interface provides tools for users to query the database
for samples by Apollo mission or based on their lithology and composition. It allows users to create customized datasets containing a set of chemical variables for
a specific sample or group of samples as selected by
the user. The new MoonDB user interface uses Ealsticsearch to provide users with structured as well as
free-text keyword searches and enhance performance.
References:
[1] Delano, J. (2016) Electron microprobe analyses
of Apollo 14 low-Ti green glasses from Lunar Samples
14047, 14049, 14301, 14307, and 14313;
doi:10.1594/IEDA/100584
[2] Horsburgh J. et al. (2016) Environmental Modelling & Software, 79, 55–74.
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UPDATING THE GLOBAL GEOLOGIC MAP OF EUROPA. E. J. Leonard1, D. A. Patthoff2, D. A. Senske3,
G.C Collins4, M. K Bunte5, T. Doggett6. 1University of California, Los Angeles, (erinleonard@ucla.edu) 2Planetary
Science Institute (apatthoff@psi.edu), 3Jet Propulsion Laboratory, California Institute of Technology (David.a.senske@jpl.nasa.gov), 4Wheaton College (gcollins@wheatoncollege.edu), 5Mesa Community College (Melissa.bunte@mesacc.edu), 6Stinger Ghaffarian Technologies, Inc. (TDoggett@sgt-inc.com).

Introduction: Jupiter’s icy moon Europa reveals a
geologically young and complex surface covered with
numerous fractures, ridges, chaos, and other geologically distinct features [1]. A global geologic map of
Europa is a challenge due to inconsistent image coverage and the complex geologic features that are often at
a scale below the image resolution. However, as a mission to Europa is currently in formulation [2], a global
geologic map that incorporates data at all resolutions
that can be interpreted at a global scale will facilitate
the science investigations through the collection of
collaborative and synergistic data. Work is ongoing in
completing and updating earlier global geological
maps produced by Doggett et al. [1, 3] and Bunte [4, 5]
at the scale of 1:15 million.
Methodology: For this map, we use a global image mosaic composed of Galileo SSI and Voyager images. When available, we supplement some regions
with higher resolution images, particularly the antiJovian hemisphere. We use ArcGIS to complete our
mapping. Starting with the Bunte et al. [5] map, we
made modifications to unit boundaries and add additional boundaries where necessary. In addition to the
geologic units, our mapping also includes tectonic features that are greater than ~10 km wide to aid in constraining stratigraphic relations,
Units: Here we describe the major units mapped
for this project as defined by Doggett et al. and Bunte
[3, 5]. The format is: updated unit name (if applicable)/original unit name- updated description (if applicable)/original description. A preliminary revised map
is shown in Figure 1.
Banded Plains (Pb). Located primarily near and
south of the equator on the anti-Jovian hemisphere, this
extensive region of plains is composed of ridges that
are superposed by dark bands.
Low Albedo Ridge Material/Lenticulated plains
(Pl). Low albedo material that irregularly surrounds
large (>10 km) ridge structures./Pits, domes, and spots
are grouped together into this singular unit that generally has a lower albedo relative to other plains units.
Most of these features are found in conjunction with
the ridged plains unit (see below); however, this separate classification is reserved for regions where the
darker spots are more highly concentrated.
Ridged plains (Pr). Distributed over all latitudes,
this unit has the greatest geographical distribution of

the identified units. The ridged plains are characterized
by subparallel to cross-cutting ridges and troughs.
Band material (b). Bands are linear to curvilinear
zones with a distinct, abrupt albedo change compared
to the surrounding region. They commonly completely
disrupt the older terrain but are also observed to be
crosscut by younger features.
Crater material (c). Here we distinguish between
the site of the impact, crater material, and the debris
that falls out from the event. For the largest craters, we
map the crater rim, floor, and multi-rings when applicable (i.e. Tyre and Callanish).
Continuous Crater ejecta (ce). Impact events can
create deposits of material that surround the impact
site. Here we map the largest impacts and identify the
surrounding hummocky material which appears in a
radial pattern away from the central impact site.
Discontinuous Crater Ejecta/Secondary craters (s).
Crater chains that are demonstrated to be associated
with a larger primary crater. Identified at the global
resolution by typically high albedo rays emanating
from a central crater, most notably Pwyll.
Low Albedo Chaos/General chaos (Ch). Typically
low albedo regions identified at low resolution (1 km
scale) with a mottled texture. Where higher resolution
data are available, this unit is found to be associated
with disrupted areas of chaos [6].
Knobby Chaos/Blocky chaos (Chb). Regions with a
mottled albedo and a rough or knobby texture. Blocky
chaos is typically elevated above the surrounding terrain and in some places the low albedo material appears to have embayed into surrounding units
Fractured chaos (Chf). Low albedo regions made
up of a high density of lineaments where the preexisting plains material is no longer visible. The low
albedo material appears to embay the commonly surrounding ridged plains unit.
Micro chaos (Chm). Small (> ~50 km diameter)
low albedo outcrops, potentially merged lenticulae,
occurring within the ridged plains unit. Micro chaos
does not appear as disrupted as general chaos, though
this could be an artifact of image resolution.
Subdued chaos (Chs). Low albedo chaos regions
that are generally dominated by smooth material and
contain little to none of the rough, knobby or platy
texture of other chaos units.
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Undifferentiated chaos (Chu). Low albedo, potentially chaos regions that do not fit in any previously
mentioned chaos subdivisions.
Linear Features:
Undifferentiated linea. Long (10s to 100s of km),
linear, through going features of either low or high
albedo that do not have other discernable characteristics at the global scale or at the available resolution
Ridges. Quasi-linear topographic highs containing
one or more crests. Most commonly identified as double ridges, two ridges separated by a trough.
Flexus. Also known as cycloids, these features consist of a series of long arcs connected by sharp cusps.
Crest of crater rim. Identified by a quasi-circular
topographic high surrounded by crater ejecta material
Depression margin. Trace of broad, shallow depressions that may be remnants related to polar wander
[7].
Dome margin. Trace of a rounded topographic high
with a dome-like appearance.

Trough. Narrow topographic low with material on
either side showing no apparent offset.
Discussion: The work presented builds upon the
mapping carried out by Doggett et al. [3] and Bunte et
al. [5]. The completed map will constrain the distribution of different Europa terrains and provide a general
stratigraphic framework to assess the geologic history
of Europa from the regional to the global scale.
References: [1] Doggett, et al. (2007). 38th LPSC,
abstract 2296. [2] Phillips and Pappalardo (2014), EOS
AGU 95.20. 165-167. [3] Doggett, et al. (2009). Europa, University of Arizona Press, 137-159. [4] Bunte.,
M. et. al. (2013), 44th LPSC, abstract 2978. [5] Bunte,
M. et al., (2015), Global Geologic Map of Europa,
submitted to USGS. [6] Lucchitta and Soderblom
(1982), Satellites of Jupiter, University of Arizona
Press, 521-555. [7] Schenk et al (2008). Nature, 453,
368-371.
Acknowledgements: This work is supported by
NASA’s Europa Clipper Project.
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Figure 1: Geologic map of Europa. Top two figures show the north and south poles in stereographic projection. Bottom figure shows the area between ±57° latitude in a Mercator projection. See text for unit descriptions.
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What’s New in SPICE. M. Liukis1, 1Navigation and Ancillary Information Facility (NAIF), California Institute of
Technology/Jet Propulsion Laboratory (MS 301-121, 4800 Oak Grove Drive, Pasadena, CA 91109; mliukis@jpl.nasa.gov).
Abstract: The latest version of the SPICE Toolkit (N66) [1][2], implemented in Fortran 77, C, IDL and
MATLAB, has been released in April 2017. The primary new component of this version is the tessellated plate
portion of the Digital Shape Kernel (DSK), useful for providing - within the SPICE context - high precision shape
models of irregularly shaped bodies such as comet 67P/Churyumov-Gerasimenko and Phobos. Besides introducing
new functionality, the latest SPICE Toolkit also improved run-time performance for some scenarios of existing
functionality. In parallel with producing the N66 Toolkits, the capabilities of the alpha-test Java Native Interface
(JNI) SPICE Toolkit has been beefed up, including addition of the tessellated plate portion of the DSK subsystem.
At least two of known user-crafted Python interfaces to SPICE are being updated to include the latest Toolkit
capabilities.
In parallel with the new release, we implemented some enhancements and improved usability of the WebGeocalc
Tool (WGC), a web-based Graphical User Interface to a SPICE geometry data, and the SPICE-enhanced Cosmographia, 3D mission trajectory visualization application.
Our current development includes completion of the digital elevation model (DEM) portion of the DSK
subsystem, re-implementation of the SPICE Toolkit in C++ and enhancement of existing Toolkits.
We are planning for the next domestic SPICE Beginner’s training class in the Fall 2017 in Pittsburgh, PA.
The research described in this publication was carried out at the Jet Propulsion Laboratory, California Institute of
Technology, under a contract with the National Aeronautics and Space Administration.
References:
[1] Acton, C.H. (1996) PSS, 44 No. 1, pp. 65-70.
[2] Acton C.H., Bachman N.J., Semenov B.V., Wright E.D. PSS (2017), DOI 10.1016/j.pss.2017.02.013.
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SAHARASAR: AN INTERACTIVE SAR IMAGE DATABASE FOR DESERT MAPPING. S. Lopez 1 and Ph.
Paillou1, 1University of Bordeaux, UMR CNRS 5804 – LAB, Bâtiment B18N, allée Geoffroy Saint-Hilaire, 33615
Pessac Cedex, France (sylvia.lopez@u-bordeaux.fr, philippe.paillou@u-bordeaux.fr).
Introduction: Space-borne Synthetic Aperture
Radar (SAR) allows the mapping of continental surfaces at centimetre-scale wavelengths. It is an active remote sensing technique, producing high resolution images sensitive to surface topography and roughness,
and to soil water content. In hyper-arid regions, SAR is
able to probe the subsurface down to several meters,
revealing paleo-hydrography hidden under sandy soils
[1], [2].
In 2006, the Japanese Space Agency (JAXA)
launched the Advanced Land Observing Satellite
(ALOS), carrying a L-band imaging radar named PALSAR. A full coverage of the Sahara and Arabia was acquired during summer 2007, delivering tens of Gigabytes of radar images. This first and unique global coverage of African deserts allowed the discovery of major
paleo-rivers in Libya and Mauritania [3], [4]. The
whole dataset is managed with the help of a specific
tool we developed: Saharasar. It is freely accessible
through a dedicated web site [5], and constitutes a
unique tool for the scientific community to study the
palaeo-environment and palaeoclimate of North Africa
and Arabia.
Data Processing: A full coverage of the Sahara
and Arabia was acquired by the PALSAR sensor, in
dual-polarization mode, during June and July 2017.
The 10 m full-resolution data were processed by JAXA
to produce 50 m geocoded strips, which were ingested
into our data processing and mosaicking software. We
developed a fully automated data processing chain that
produces geocoded 1o x 1o SAR scenes, which can be
superposed to the corresponding SRTM (Shuttle Radar
Topography Mission) topography tiles. More than 400
dual-polarization PALSAR strips were needed in order
to cover the entire Saharan and Arabian deserts (Fig.
1). The final mosaic covers latitudes between 17-37oN
and longitudes between 17oW and 60oE.
Saharasar: The whole PALSAR dataset is stored
on a file server, and the metadata are managed in a
Mysql database with spatial attributes. For the Saharasar frontend, allowing users to navigate and visualize
the radar data, we initially used the Openlayers framework, and later migrated to a 3D-rendered version, using the Cesium javascript library. For the earth background layer, we use the Bing global imagery, which is
proposed by default in most of Cesium applications.
For the other information layers, i.e. PALSAR images,
linear features extracted from radar images using gradient filtering, and hydrographic network computed from

topography using Global Mapper, we installed and
configured a Web Mapping Server (Mapserver), which
also allows both raster and vector data display on the
Cesium Globe (Fig. 2). In the future, in order to increase visualization performances, we plan to update
our Mapserver version and use the Tile Map Services
capabilities, in order to distribute the vector layers
computed from SAR images and SRTM topography.
References: [1] McCauley J. F., et al. (1982) Science, 218, 1004-1020. [2] Elachi C., et al. (1984)
IEEE TGARS, GE-22, 383-388. [3] Paillou Ph., et al.
(2009) EPSL, 277, 327-333. [4] Skonieczny Ch., et al.
(2015) Nature Comm., doi: 10.1038 / NCOMMS9751.
[5] http://saharasar.obs.u-bordeaux1.fr/
Acknowledgments: The authors would like to
thank JAXA for providing PALSAR data in the framework of the Kyoto & Carbon Protocol project. This
work was financially supported by the Centre National
d'Etudes Spatiales – CNES.

Figure 1: PALSAR strips acquired by JAXA over Sahara and Arabia during summer 2017.

Figure 2: The Saharasar interface.
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MAPPING THE LABYRINTHS OF TITAN. M.J. Malaska1, R.M.C. Lopes1, K.L. Mitchell1, J. Radebaugh2, T.
Verlander3, A. Schoenfeld4. 1Jet Propulsion Laboratory / California Institute of Technology, Pasadena, CA. 2Department of Geological Sciences, Brigham Young University, Provo, UT. 3Northeastern State University, Broken Arrow,
OK. 4University of California, Los Angeles, CA. (Michael.J.Malaska@jpl.nasa.gov).

Introduction: The enigmatic labyrinthic terrains of
Titan are defined as elevated highly-dissected plateaux
with intersecting valleys or remnant ridges of low to medium backscatter[1,2] From radar emissivity, they appear to be large plateux composed of low-dielectric constant organic materials[2,3]. Sikun Labyrinthis (Fig. 1)
located in the southern polar region of Titan is one example of a labyrinth terrain [1].

features that define the contact boundary, such as linear
dunes, or channels in a dissected plateau, we connected
the distal termini using the procedure described in
Cabrol and Grin (2001) [7].
Measuring labyrinth characterisics: Key meaurements included valley spacing (in km), valley areal percent (%), and areal percent closed valley (%). Valley
slopes were identified by examining radar illumination
geometries and noting bright-dark paring on sides of
plateau or ridges. Slopes facing away from the direction
of radar illumination exhibit downrange-darkening,
while slopes facing towards the direction of radar illumination exhibited uprange brightening. The average
spacing between valleys in a labyrinth terrain area was
measured from the thalwegs of neighboring valleys.
Mutiple measurement were made at diverse locations in
the labyrinth terrain and the results averaged. Many labyrinth terrains exhibit valleys and valley networks that
are closed and internal to the labyrinth at the scale of
Cassini SAR data (200 m per pixel). The areal percent
closed valleys as a percentage of total area was recorded. The average amount of valley area was estimated
across the labyrinth area and the value recorded.

Fig. 1. SAR image of the southwest portion of Sikun Labyrinthus. Radar illumination is from the left, north is towards the top. Image is
centered at (78°S, 32°W.)

As part of a global mapping effort of Titan’s surface
[4,5], as well as a desire to understand the formation and
evolution of the labyrinth terrains, we determined a classification system for the observed labyrinths present on
Titan’s surface.
Methods: Geomorphological mapping. We used a
mosaic of SAR (Synthetic Aeperture Radar) swaths
from the Cassini RADAR instrument as a basemap for
our geomorphological mapping effort. Our mosaic included SAR data thought the T120 SAR pass. In the SAR images, high-backscatter materials or rougher terrains are

shown as lighter tones, while lower-backscatter materials or smoother terrains are darker toned. Labyrinth terrains were identified, mapped, and characteristics recorded using ArcGIS functionalities. We mapped at an
image scale of 1:800,000, which is comparable with
early mapping efforts of other planetary bodies with approximately the same pixel scale[6]. For areas with key

Fig. 2. Global distribution of labyrinth terrains on Titan.

Results: Over 187 labyrinths were identified, accounting for a little over 1% of the total surface area of
Titan. The global distribution of the mapped labyrinth
terrains is shown in Fig. 2. There was a noticeable lack
of labyrinth terrains in Titan’s equatorial regions. The
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measured characteristics allowed us to classify the labyrinth terrains. For a given valley spacing, we classified
the labyrinth terrains into four rough subgroups/end
members: incised channels, dissected plateau, remnant
ridges, and closed polygonal cells. The incised channels
are mostly plateau, with relatively thin valleys. The dissected plateaux are composed of valleys, and plateau of
approximately the same width, while the remant ridges
were terrains with wide valleys, and relatively thinner
ridges that were sometimes isolated from the remnant
plateau. The closed polygonal cells, had a higher
(>40%) amount of closed valleys. Examples of each of
these classes is shown in Fig. 3.
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closed valleys are diagnostic for karstic dissolution processes [12]. Closed valleys on Titan suggest removal of
material through either sublimation, dissolution, or subsurface flow [1,5,13, 14]. Ecaz Labyrinthus and other
labyrinths in that parameter space have a strong morphological resemblence to polygonal karst terrain on
Earth [1,15]. Recent modeling efforts have been able to
reproduce the terrains on Titan, notably Ecaz Labyrinths, using a dissolution based erosion model [16].
Our mapping, characterization, and classification of labyrinth terrains will aid in the study and interpretation of
the processes that created these features.
Acknowledgements: This research was supported
by the NASA CDAP and NPP programs. This work was
carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under contract with NASA.
Government sponsorship is acknowledged.

Fig. 3. Examples of different labyrinth terrain types all at the same
valley spacing (ca.5 km). A) Incised channels (Gammu Labyrinthus);
dissected plateau (Sikun Labyrinthus), remnant ridges (Gamont
Labyirnthus), D) polygona cells (Ecaz Labyrinthus).

Interpretation: The branching of the valley networks is similar to fluvial valley networks on Earth[8].
On Earth, the hydrological cycle is driven by water
(H2O), while on Titan the fluids are likely a mixture of
nitrogen (N2)/methane (CH4) [9, 10]. The valley spacing is a characteristic of the terrain, likely the result of
jointing and hydrologic parameters. The valley areal%
is a reflection of the erosion state, with channels eroding
into valleys which widen to give remnant ridges, which
utlimately yields to plains as the ridges are eroded away
[5,11]. With a given valley spacing, as the valleys become wider, the valley areal% will increase and the labyrinth terrains will progress from incised plateau, to valleys and plateau, to remnant ridges. If the network is
open, the plateau and ridges will have an open aspect
such as those seen in the Sikun and Labyrinth. If the network is closed, the plateau and remnant ridges will resemble that of Ecaz Labyrinthus.
The presence of closed valleys suggest removal by
processes other than surface fluvial transport. On Earth,

References: [1] Malaska, M.J., et al., LPSC 41
(2010), Abstract 1544. [2] Malaska, M.J., et al., Icarus,
270 (2016), 131-161. [3] Janssen, M.A., et al., Icarus,
270 (2016), 443-459. [4] Lopes et al., DPS 48 (2016),
Abstract 425.08. [5] Birch S.P.D. et al., Icarus 282
(2017), 214-236. [6] Greeley R. and Batson, R.M..
“Planetary Mapping”, 1990. New York: Cambridge
University Press[. [7] Cabrol, N. and Grin, E., Geomorphology 37 (2001), 269-287. [8] Burr, D.M., et al., GSA
Bulletin 125 (2013), 299-321. [9] Malaska, M.J., et al.,
Icarus 289 (2017), 94-105. [10] Graves, S.D.B. et al.,
Planetary and Space Science 56 (2008), 346-357. [11]
Moore J., et al., JGR: Planets 119 (2014), 2060-2077.
[12] Ford, D. and Williams, P. “Karst Hydrology and
Geomorphology”, 2007, Wiley, Chichester, Great Britain. [13] Mitchell K.L. et al., LPSC 39 (2008), Abstract
2170. [14] Cornet, T. et al., JGR: Planets 120 (2015),
1044-1074. [15] Williams, GSA Bulletin 82 (1972) 761796. [16] Cornet, T. et al., LPSC 48 (2017), Abstract
1835.
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OpenPlanetaryMap: Building the first Open Planetary Mapping and Social platform for researchers, educators, storytellers, and the general public. N. Manaud1, A. Nass2, M. Lewando3, S. van Gasselt4, A.P. Rossi5, T.
Hare6, J. Carter7, H. Hargitai8, 1SpaceFrog Design, Toulouse, France; nicolas@spacefrog.design, 2German Aerospace Center, Institute of Planetary Research, Berlin, Germany, 3CodeMacabre, UK, 4Department of Geoinformatics, University of Seoul, Seoul, South Korea, 5Department of Physics and Earth Sciences, Jacobs-University Bremen, Bremen, Germany, 6U. S. Geological Survey, Astrogeology Team, Flagstaff, USA, 7Institut d’Astrophysique
Spatial, Orsay, France,8NASA Ames Research Center/ NPP, Moffett Field, USA.

Introduction: The popularity and ubiquity of web
interactive maps constitute a powerful leverage for
telling stories, educating and engaging a wide and diverse audience with planetary sciences. A few excellent planetary interactive maps [e.g. 1,2,3] exist but
they are either too complex for non-experts, or they are
closed-systems that do not allow for collaborative
learning, social interactions, and reusability of data.
OpenPlanetaryMap (OPM) is a collaborative effort
from within the OpenPlanetary community [4] and
based “Where On Mars?”, a previous outreach project
to visualise ESA’s ExoMars Rover landing sites candidates [5]. OPM is supported and made possible thank
to CARTO [6] through their Grant Program.
Our long-term vision is to build a community
around an Open Planetary Mapping and Social platform for space enthusiasts, planetary scientists, educators and storytellers. Our goal is to enable them to easily and collaboratively create and share location-based
knowledge and maps of others planets of our Solar
System.
Objectives: We aim to launch a first version of the
OpenPlanetaryMap platform at the next European
Planetary Science Conference in September 2017 [7].
Web Map Interface: As part of this platform, we
will develop a web map interface that will make it easy
and enjoyable for novice people to discover, search,
share, discuss and add their own places on Mars (we
will expand to other planets in a second stage). We aim
to provide a social experience that will help creating an
emotional connection with Mars and incentives to
learn and share knowledge about it.
Open Datasets Repository: A key element of the
platform will be an open datasets repository containing
a curated selection of location-based information and
places of interest about Martian geography, topography, geology, weather, climate, scientific missions and
discoveries, robotic and human exploration. These
scientifically accurate data sets, along with public crowdsourced datasets, will be programmatically
accessible and reusable by others to develop third-

party applications for specific scientific or outreach
purposes.
Basemap: We will also design and implement
at least one beautifully crafted vector-based basemap
of Mars that will serve as the base layer of our web
map interface and enrich its overall user experience. It
will be made publicly available to foster the creation
by others of theme-based maps of Mars that can be
easily shared on the web and social media.
Initial concepts: Initially, the places on Mars the
audience will learn about will include information
from curated datasets, as well as from a public
crowdsourced dataset of Places. These Places will either be related to a physical object or phenomenon
(i.e.: crater, dune, gully, dust devil, cloud), or to a more
abstract one that contributes to increasing knowledge
of Mars (i.e.: scientific publication, blog article, Wikipedia page, tweet, panoramic image, video, question,
story, event). Our audience will also learn from discussions they have with each other, including with planetary scientists.

Figure 1: This illustrates the basic concept for the
OPM web map interface and sharing places.
One particular requirement that is key to the success of our platform is the capability to handle multiple
users and groups for our project team of planetary scientists and cartographers to collaboratively store and
manage, publicly and privately share, datasets.
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The OPM platform will almost entirely rely on the
CARTO Engine and Builder.

Figure 2: This illustrates how CARTO will fit into
the OPM platform, and what users and applications
interact with it.
Approach: We are a small interdisciplinary and international team of researchers, developers and designers passionate about planetary mapping and cartography. We started to form our team in January 2017 and held a first meeting in Berlin two months
later to kick-off the project. Throughout the project, we
will adopt an iterative development approach and try to
follow a user-centered design process as much as possible; including user research, prototyping and testing
methods. We will organize co-located hackathons at
planetary data workshops and other events, to learn
from potential users and experts, and stay in line with
our objectives.
Being collaborative by nature, we will encourage
everyone who is interested in this project to contribute
[8,9] with their expertise: in planetary cartography,
web development, geospatial data processing or any
other areas that we haven't yet thought of.
Intended outcome and impact: We aim to make
novice people feel that Mars is at their reach, both in
terms of knowledge and preconceived physical proximity. We want them to use our future web application
to quickly and regularly learn something about Mars,
just like people head to Google Maps to find their
bearings or any location-based information.
With an Open Data and Open Science philosophy
in mind, we aim to encourage planetary scientists and
mappers to share and collaborate on research data sets
in a way that is beneficial to all parties: peers, graduate
students, science communicators and the general public.
We aim to encourage science communicators, educators and storytellers to contextualise more their publications or resources by providing better location in-
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formation, so as to allow their audience for further
exploration and better understanding of a related topic
or story.
Being an open source project, we also hope to encourage a younger audience of STEM students to apply or acquire new skills in cartography, Geographical
Information System (GIS), and programming, by contributing to the OPM software and platform development.
References: [1] ASU's Mars Space Flight Facility
JMARS: https://jmars.asu.edu, [2] PDS Geosciences Node Orbital Data Explorer (ODE):
http://ode.rsl.wustl.edu, [3] NASA MarsTrek:
https://marstrek.jpl.nasa.gov, [4] OpenPlanetary:
http://openplanetary.co, [5] “Where On Mars?”,
http://whereonmars.co [6] CARTO: https://carto.com,
[7] EPSC 2017: http://www.epsc2017.eu, [8] OPM
website: http://openplanetarymap.org, [9] OPM github
repository: https://github.com/openplanetary/opm
Acknowledgment: We warmly thank the CARTO
team for believing in this project and for their outstanding support through their Grant Program. A special thanks go to: Javier de la Torre, Sergio Álvarez
Leiva, Andrew Hill, Stuart Lynn, Tyler Bird , Oriol
Boix, Carla Iriberri, Dani Carrión, Javi Santana, Alejandro Martínez, and Carlos Matallín.
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HIGH-RESOLUTION LOCAL-AREA DIGITAL ELEVATION MODELS AND DERIVED PRODUCTS
FOR MERCURY FROM MESSENGER IMAGES. Madeleine R. Manheim1, Megan R. Henriksen1, Mark S.
Robinson1, and the MESSENGER Team, 1School of Earth and Space Exploration, Arizona State University, 1100
South Cady Mall, Tempe, AZ 85287, mmanheim@ser.asu.edu.
Introduction: The Mercury Dual Imaging System
(MDIS) on the MErcury Surface, Space ENvironment,
GEochemistry, and Ranging (MESSENGER) spacecraft provided global images of Mercury’s surface.
MDIS consisted of two cameras: a monochrome narrow-angle camera (NAC) and a multispectral wideangle camera (WAC) [1]. Although MDIS was not
designed as a stereo camera, off-nadir observations
acquired at different times resulted in near-global stereo coverage and enabled the creation of digital elevation models (DEMs) [1]. Low altitude stereo sequences
acquired later in the mission allow the creation of local
area DTMs with spatial scales more than 8x better than
the global product [2]. The local DEMs were computed
from NAC images with Mercury Laser Altimeter
(MLA) profiles serving as a geodetic reference frame
[3]. WAC stereo images controlled to MLA profiles
bridged gaps in coverage or provided control when no
MLA tracks passed through the NAC stereo coverage
area. Previously, MDIS DEMs of comparable resolution were created with the AMES stereo pipeline [4].
Mercury Dual Imaging System. The NAC was a
1.5° field-of-view (FOV) off-axis reflector, providing
images with a pixel scale of 5.1 m at an altitude of 200
km. The WAC was a four-element refractor with a
10.5° FOV and 12-color filter wheel, providing images
with a pixel scale of 35.8 m at an altitude of 200 km.
Each camera had an identical 1,024 x 1,024 chargecoupled device (CCD) detector [1].
Mercury Laser Altimeter. MLA was a time-offlight altimeter that used pulse detection and pulseedge timing to precisely determine the range from the
spacecraft to the surface [3]. MLA observations were
available only for latitudes between 90°N and 18°S
due to MESSENGER’s highly eccentric orbit and periapsis at high northern latitudes, with the measurements’ density decreasing with latitude. MLA measurements had a radial precision of < 1 m and a radial
accuracy of < 20 m with respect to Mercury's center of
mass [5].
Methodology: High-resolution regional DEM processing was completed at Arizona State University
using a combination of Integrated Software for Imagers and Spectrometers (ISIS) and SOCET SET from
BAE Systems [6].
Stereo Image Selection. NAC images used for
DEM production range in pixel scale from 5 m to 170
m, and image illumination conditions and spacecraft
geometries vary greatly. The set of images covering a
desired region was first sorted to ensure optimal lighting conditions and resolution [7]. From these images,

acceptable stereo pairs were identified on the basis of
common surface coverage, resolution ratio, stereo
strength (parallax/height ratio), and illumination compatibility [7].
Pre-Processing. The selected images were ingested
into ISIS, radiometrically calibrated, and initialized
with orientation parameters stored in SPICE kernels.
These parameters were converted to a format compatible with SOCET SET 5.6, and, along with the images,
imported into SOCET SET [6].
Relative Orientation. Before controlling the images
to the geodetically accurate MLA tracks, each image
was corrected for relative orientation to the other images in the stereo model. All overlapping images were
linked by a set of ~9 “tie” points, which were found by
matching pixels between images and then aligned using a multi-sensor triangulation algorithm [8,9]. Our
target root mean square (RMS) error was <0.5 pixels.
Absolute Orientation. The bundle-adjusted NAC
images were manually controlled to the MLA profiles
by identifying points along individual tracks and visually identifying their corresponding locations in the
images, creating ground points. These ground points,
specifying exact coordinates for given pixel locations
in an image, were then included in a final bundle adjustment to triangulate absolute orientation of the images. The RMS errors in latitude, longitude, and elevation were considered acceptable within the accuracies
of the MLA profiles. For NAC images with insufficient MLA coverage, overlapping WAC images were
tied to the NACs and then controlled to MLA to provide indirect control.
DEM Extraction. The areas of image overlap calculated by the off-axis sensor model are not sufficiently
precise to be used as a basis for extracting stereo. As a
work-around, a cubic rational polynomial (CRP) approximation of the sensor model was generated for
each controlled image; these approximations have residual errors less than 0.01 pixels. The CRP images
were then used with the Next Generation Automatic
Terrain Extraction (NGATE) program in SOCET SET
to create a DEM at a pixel scale a factor of 3 greater
than the largest pixel scale of an image in a stereo pair
[10,11].
Orthophoto Generation. The final DEM was used
to orthorectify the original NAC images, allowing for
the creation of orthophotos free of distortion (within
the limits of the DTM accuracy) from topography and
camera viewing angle [12]. Orthophotos were generated at both the DEM resolution and the native image
pixel scale.
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Planetary Data System (PDS) Archive Products. In
addition to the DEM, a confidence map and orthophotos of each image in the stereo pair are available at
both the pixel scale of the DEM and at the largest native pixel scale from the stereo pair (PDS IMG format). A terrain shaded-relief map, a color shaded-relief
map, a slope map, and corresponding legends are also
provided at the pixel scale of the DEM in the EXTRAS
directory of the PDS in GeoTIFF format, as well as a
32-bit GeoTIFF of the DEM. These derived GeoTIFF
products were created using the Geospatial Data Abstraction Library (GDAL) [13]. For sites where multiple stereo pairs were used to build up coverage, the
overlapping products were mosaicked and released in
addition to all the individual products (Fig. 1).
Uncertainty Analysis: Qualitative and quantitative
error analyses were performed for each DEM.
Measures of accuracy for the nine sites produced are
summarized in Table 1.
Linear Error. SOCET SET calculates precision as
relative error at a 90% confidence level [8,11]. Vertical
precision is reported as relative linear error and is expected to be less than the pixel scale of the DEM (Table 1)[14]. The horizontal precision of the DEM is
equal to the pixel scale of the DEM, as pixel scale is
consistently greater than the circular (or horizontal)
error at 90%, as reported by SOCET SET [9,12].
Offsets from MLA. At every point that MLA tracks
directly crossed the DEM, elevation offsets were calculated and the mean and standard deviation of these
offsets were evaluated. If no co-located tracks were
available, offsets were reported from the MLA controlled WAC DEMs used to control the NAC DEMs.
Some DEMs in the southern hemisphere had no MLA
coverage; these products were not absolutely controlled and report only relative precision. We would
like the measured differences between the DEMs and
MLA tracks to be <20 m (the radial accuracy of MLA
points) [5]. However, despite ongoing refinement of
both our error analysis and DEM processing methods,
consistently obtaining this level of accuracy remains

challenging; the seven DEMs we controlled to MLA
had an average mean offset of -50.7 m, indicating that
their absolute elevations were generally too high. In all
but one case, we were able to achieve mean offsets less
than the pixel scale of the DEM (Table 1).
Product Summary: Nine sites consisting of 57
stereo pairs are currently complete (Table 1). The
MESSENGER project released these DEMs to the
public through the PDS in December 2016 (available
at http://bit.ly/2lMXDnj).
References: [1] Hawkins, S. E., III et al. (2007)
Space Sci. Rev., 131, 247-338. [2] Becker, K. J. et al.
(2016) LPS, 47, Abs. 2959. [3] Cavanaugh, J. F. et al.
(2007) Space Sci. Rev., 131, 451-497. [4] Fassett, C. I.
(2016) Planet. Space Sci., 134, 19-28. [5] Zuber, M. T.
et al. (2012) Science, 336, 217-220. [6] Anderson, J. A.
et al. (2004) LPS, 35, Abs. 2039. [7] Becker, K. J. et al.
(2015) LPS, 46, Abs. 2703.
[8] Förstner, W. et al. (2013)
Manual of Photogrammetry
(6th ed.), 785-955. [9] BAE
Systems (2011) SOCET SET
User's Manual, v. 5.6. [10]
BAE
Systems
(2007)
NGATE. White Paper. [11]
Zhang, B. (2006) ASPRS, p.
12. [12] Miller, S. et al.
(2013) Manual of Photogrammetry (6th ed.), 10091043. [13] Warmerdam, F.
(2008) Open Source Approaches in Spatial Data
Handling, 87-108. [14] Henriksen, M. R. et al. (2017)
Icarus, 283, 122-137.
Fig. 1. Color shaded-relief map
of Sander crater DEM mosaic,
derived from 21 images forming
36 stereo pairs.

Table 1. Summary of MDIS NAC DEMs produced in this study.

Site Name
Catullus Crater
Cunningham Crater
Degas Crater
Hynek Scarp*
Kertesz Crater
Kuiper Crater
Paramour Rupes
Raditladi Hollows
Sander Crater
*Unofficial name.

No. of
Stereo
Pairs
1
9
1
1
2
1
3
3
36

Center Latitude,
Longitude
(°N, °E)
21.88°, 292.5°
30.40°, 157.0°
36.86°, 232.6°
-31.16°, 82.5°
31.45°, 146.3°
-11.3°, 329.1°
-5.07°, 145.1°
15.20°, 120.2°
42.50°, 154.7°

Mosaic
Pixel Scale
(m)
84
105
97
500
120
270
450
180
162

Relative
Linear Error
(m)
84
85
70
383
98
161
261
137
70

MLA Mean
Offset (m)
-255
2
-1
-9
-5
-44
-44

MLA Standard
Deviation (m)
188
58
109
51
185
52
65
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PLANETSERVER: A HYPERSPECTRAL ANALYSIS AND VISUALIZATION WEB CLIENT AND
PYTHON API. R. Marco Figuera1, B. Pham Huu1, A. Halder1, K. Yin1, A. P. Rossi1, 1Jacobs University Bremen,
Department of Physics and Earth Sciences, Campus Ring 1, 28795 Bremen, Germany. (r.marcofiguera@jacobs-university.de).
Introduction: Mineralogical analysis of planetary
surfaces lacks of available open-source tools. In this
abstract we present PlanetServer, a web client and
Python API capable of analyze and visualize CRISM
TRDR [1] hyperspectral imagery. PlanetServer provides the possibility to create RGB band math combinations as well as spectral analysis.
Service Description: PlanetServer comprises a
server, a web client [2] and a Python API [3]. On the
server side data are stored using the Array DataBase
Management System (DBMS) Raster Data Manager
(Rasdaman) [4]. Rasdaman is an Array DBMS offering
features such as query languages, query optimization
and parallelization on n-D arrays. Open Geospatial
Consortium (OGC) standards such as the Web Coverage Processing Service (WCPS) [5], an SQL-like language that is capable to query information along an image cube, are implemented in the PetaScope component [6], a set of geospatial and geometry libraries, data
access libraries and relational database access components. The web client uses NASA’s World Wind [7]
general-purpose 3D/4D client as a virtual globe to interactively analyze and visualize data. The Python
client API provides the user the possibility to analyze
the data within Python and embed the results in existing data analysis pipelines.
PlanetServer Python API: In order to characterize
minerals from CRISM data, different CRISM summary
products exist [8] and [9]. PlanetServer’s Python API
integrates all the CRISM products mentioned in [9] and
performs different RGB band math combinations. In
addition to the analyzed image, spectral profiles are
also available in the API. The Python API has been
constructed such that a user only needs to give five input arguments to the API: The coverage ID, the name
of three CRISM summary products that are stored in
each channel (Red, Green and Blue) and the name of a
FITS table containing the relation between the band
names and the corresponding wavelengths (Figure 1).
The API combines the 3 summary products (predefined
in the API) into a WCPS query1 giving an image as output. The spectral analysis tool shows the reflectance
versus wavelength and can be further compared to existing laboratory spectra such as the splib06a [10]. A
set of Jupyter notebooks including all of the Planet1

https://tinyurl.com/n6jlar5

Server capabilities are also available in the GitHub
repository [3].
PlanetServer Web Client: PlanetServer’s web
client provides an easy and intuitive solution to visualize and analyze hyperspectral imagery from two planetary bodies with one dataset each: CRISM TRDR on
Mars and M3 Level2 on the Moon (beta version). It
contains a 3D/2D globe where all available cubes are
deployed. The left panel contains the projections, base
map and layers selector and the RGB combinator. In
the right menu, the plot docks for single spectra retrieval and for spectral ratio calculations are located.
Discussion: PlanetServer web client and Python
API has been used as an alternative to existing pipelines for hyperspectral analysis. The results obtained
with PlanetServer correlate with previous studies [9],
[11]. The creation and population of a library of WCPS
queries with summary products allows reproducible
analysis and workflow. All of the Planertserver components (server engine, web client and Python API) are
Open Source and suitable for customization.
Ongoing work: Currently, we are preprocessing
M3 Moon data to be added to the database. A beta version with few coverages is already available. A subset
of CRISM MRDR images is now available as a beta
version. Future plans cover the inclusion of topographic data (MEX HRSC) and MEX OMEGA data.
Acknowledgments: EarthServer-2 has received
funding from the European Union's Horizon 2020 research and innovation program under grant agreement
No 654367
References: [1] S. Murchie et al., JGR. 2007. [2]
R. Marco Figuera, “PlanetServer web client,” Available: http://doi.org/10.5281/zenodo.200371 2016. [3]
A. Halder and R. Marco Figuera, “PlanetServer Python
API,”Available: http://doi.org/10.5281/zenodo.204667.
[4] P. Baumann et al., ACM SIGMOD Rec., Jun. 1998.
[5] P. Baumann, Geoinformatica, Jul. 2010. [6] A.
Aiordǎchioaie et al., LNCS, Jun. 2010. [7] D. G. Bell
et al., IEEE Aerospace Conference Proceedings, 2007.
[8] S.M. Pelkey et al., JGR. 2007. [9] C. E. VivianoBeck et al., JGR. E Planets, 2014. [10] R. N. Clark et
al., 2007. Available: http://speclab.cr.usgs.gov/spectral.lib06. [11] B. L. Ehlmann et al., JGR. 2009.
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Figure 1: PlanetServer Python API workflow. a) The user inputs the three CRISM summary products in the corre sponding RGB channels (R:LCPINDEX2, G:D2200 and B:HCPINDEX3) and the coverage ID. b) A FITS table
(provided in the package) with the relation between band names and wavelengths (c) needs to be called in order to
create correct WCPS queries. d) The API outputs an image containing the RGB combination. e) By clicking a location in the image (e.g: 21.19109ºN, 74.24328ºE), the API will show the spectral profile.
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ENHANCED 3D SURFACE GENERATION IN THE AMES STEREO PIPELINE. S. McMichael1, O.
Alexandrov1, and R. Beyer2,1, 1 NASA Ames Research Center (scott.t.mcmichael@nasa.gov), 2 Sagan Center at the
SETI Institute.

Introduction: With the release of version 2.6 of
the Ames Stereo Pipeline (ASP) we now offer two new
stereo algorithms, SGM and MGM, that significantly
improve the quality of terrain models produced by
ASP. Our software has also has gained the ability to
take advantage of images captured under multiple
lighting conditions and generate/enhance stereo or
LIDAR terrain models by using Shape from Shading
(SfS). In addition, ASP can now create surface models
from images without known camera position and
orientation using structure from motion (SFM).
Semi-Global Matching and More Global
Matching: Semi-global matching (SGM) is a proven
stereo algorithm with widespread popularity [1][2].
More Global Matching (MGM) is a variation of SGM
that can produce superior output at the cost of longer
run-time and higher memory usage [3].
ASP's implementation includes two significant
modifications to the original algorithms. First, ASP
uses a hierarchical disparity search method that
restricts the search range on subsequent levels in order
to minimize memory usage. This approach is very
similar to the tSGM method[4].
Second, ASP
performs a 2-D disparity search instead of the more
common 1-D search. This eliminates the need to
perfectly rectify the input images (which can be
difficult for pushbroom and some extraterrestrial
sensors) but does come with a significant run-time and
memory cost. We have also been able to improve our
results by using a ternary census transform and
texture-aware filtering as described in [5].
SGM and MGM Evaluation: The performance of
these algorithms is usually much better than a block
matching approach applied to the same terrain:
Operation IceBridge. NASA's IceBridge flights
use an off the shelf consumer camera mounted on a
propeller driven aircraft to take pictures of Antarctica,
Alaska, and Greenland. On the left is a patch of terrain
generated by ASP’s block matching algorithm and on
the right is the same region generated using the MGM
algorithm. The noise in the flat regions of the image
has been reduced, there are fewer holes, and the
elevated regions are sharper.

KH9. Data from the KH9 program was recorded
on film by cameras in a series of orbital satellites
between 1971 and 1984. The film has been scanned
and is being used to help evaluate the effects of long
term climate change. The upper image shows a
portion of Alaskan Mountains processed with our
existing block matching algorithm. The lower image
shows the same region processed by our SGM
algorithm. The coverage is significantly better and
terrace-like artifacts on the slopes are gone.
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Extraterrestrial. The new algorithms can be used
on any image data supported by the USGS ISIS
software[6]. The example below is from an Apollo 15
image pair, with the block matching output on the left
and the MGM output on the right.

Shape From Shading: SfS allows ASP to enhance
terrain obtained from regular stereo methods or
gridded lidar [7]. The level of detail produced by SfS
is comparable to the detail present in the input images,
allowing it to restore features that may not be present
in the input terrain model. It can also remove
interpolation artifacts and automatically correct for
camera errors and shadows. All cameras supported by
ISIS can be used with SfS.
SfS Evaluation: SFS has been extensively tested
with data from the Moon and also with Phobos and
Charon datasets. SfS works best if used with multiple
images of the terrain acquired under diverse lighting
conditions. Shown on the left is a gridded terrain
produced from LOLA data and shown on the right is
the terrain after processing with SfS. In the SfS image
you can clearly see more craters and terrain features.
Several artifacts present in the LOLA data have also
been removed.

Structure from Motion: ASP has acquired the
ability to create camera models and subsequently
terrain models from images that lack camera metadata.
This includes data sets such as historic satellite
imagery, aerial imagery, and hand-held camera
imagery. ASP solves for position and orientation using
a structure from motion implementation from the Theia
library [8]. ASP can solve for unknown camera
intrinsics and has several methods to find the absolute
position in world coordinates depending on what
sources of information are available.
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Additional Information: ASP (Linux and OSX
binaries) can be downloaded at the following location:
http://irg.arc.nasa.gov/ngt/stereo. Also there is the
documentation and information about how to subscribe
to the mailing list. ASP is open source, released under
the Apache 2 license, and all source code is available
on GitHub.
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GEOLOGIC MAPPING OF VOLCANIC AND SEDIMENTARY TERRAINS, NORTHEAST HELLAS,
MARS. Scott C. Mest1, David A. Crown1, Joseph Michalski2, Frank C. Chuang1, Katherine Price Blount3, and
Leslie F. Bleamaster4, 1Planetary Science Institute, 1700 E. Ft. Lowell Rd., Suite 106, Tucson, AZ 85719;
2
University of Hong Kong, Hong Kong; 3Texas A&M University-Commerce, Commerce, TX 75428; 4Trinity
University, San Antonio, TX, 78212. (mest@psi.edu)
Introduction: The eastern rim of Hellas and the
surrounding highlands have been modified by numerous
processes and provide a geologic record that spans most
of the Martian time-scale [1-10]. Through geologic
mapping and morphologic and spectral analyses, this
investigation is exploring the geologic and hydrologic
histories of the eastern rim of Hellas basin, where
important spatial and temporal relationships between
volcanic and volatile-driven processes are preserved
(Fig. 1). This region displays a unique confluence of
ancient rugged highlands, volcanic terrains of the
Tyrrhenus Mons lava flow field and flanks of Hadriacus
Mons, the canyons of Dao and Niger Valles,
channelized plains, and geologically young volatile-rich
mass wasting and mantling deposits.
Data and Methods: We use ArcGIS to compile
image, topographic, and spectral datasets in order to
map geologic units and features in the study region.
This effort will produce a 1:1M-scale geologic map of
MTM quadrangles -35262, -35267 and -35272 (Fig. 2),
which will complete the geologic mapping of most of
Hadriacus Mons and all of Dao and Niger Valles at 1M
scale, providing a critical link to previously mapped
adjacent quadrangles [9,11,12].
A THEMIS daytime thermal infrared (dTIR)
brightness temperature mosaic (~100 m/pixel) is the
primary mapping base. CTX images (~5 m/pixel) and
THEMIS VIS (~18 m/pixel) multi-band images provide
complementary spatial coverage and serve as context
for high-resolution images. High-resolution HiRISE (<1
m/pixel) and MOC-NA (~1.5-12 m/pixel) images allow
detailed analyses of mapped units and features. We use
THEMIS dTIR images to distinguish between units with
different thermophysical properties, and CRISM
multispectral (~100-200 m/pixel) and hyperspectral
(~18-36 m/pixel) data to map the occurrence and
distribution of primary minerals and their alteration
products within surficial materials. Crater sizefrequency distribution statistics and stratigraphic
relationships are used to determine relative ages.
Mapping Results: We are mapping features and
geologic units that define four prominent terrain types
within the map area (Fig. 2), including mantled
highlands in the west and southeast, volcanic materials
of the Tyrrhenus Mons flow field and the flank
materials of Hadriacus Mons, and plains materials that
cover large portions of the map area. Superposing these
terrains are impact craters, many of which display
lobate ejecta deposits. Mapping also shows that almost
every surface in the map area has been modified to

some degree by fluvial dissection ranging from small
gullies within the highland terrains and along crater rims
and valles walls, to single channels and valley networks
incised within volcanic and plains materials.
Highland terrains: Highland terrains (previously
mapped as Noachian-aged “mountainous material” and
the “basin-rim unit” [e.g., 2,3,5-7]) are located in the
southeastern and western parts of the map area. These
areas consist of massifs and clusters of rounded knobs
and rims of degraded impact craters that are surrounded
by intermontane fill that appears smooth in THEMIS
images. However, CTX images of these intermontane
deposits show dissection by channels or coalescing
debris aprons. On steeper slopes, massifs and knobs
show evidence for viscous flow, or are dissected by
narrow parallel gullies. Throughout the southeastern
highland terrains, intermontane areas exhibit pitted,
lineated or smooth surfaces. Most surfaces here,
including adjacent plains, are coated with mid-latitude
mantling deposits, which are being modified and/or
removed in places via slope processes, deflation or
erosion. Here, knobs are generally mapped at mantled
highlands (unit mh) and intermontane areas are mapped
as lineated lobate material (unit ll).
Tyrrhenus Mons flow field (unit TMff): We are
refining the extents and locations of lava flow lobes,
volcanic channels, erosional channels, and structures
[13,14] within TMff. Flow lobes have sinuous planform
shapes, and have elongate, broad, and digitate margins.
Lobe margins range from subtle to well-defined, and
variations are observed both within an individual flow
and between different flows. Surface morphology and
stratigraphic relationships observed in CTX images are
used to evaluate sequences of flow emplacement. Some
narrow channels observed in TMff display leveed
margins and are associated with flow lobes; however,
many channels in TMff lack these features and appear
to be erosional [13,14]. Some erosional channels incised
in TMff are narrow and indicate confined flow, whereas
other channels are broad and braided and show evidence
for extensive overland flow.
Hadriacus Mons flank material (unit Hmf): The
southernmost extent of the flank materials occupies the
north-central part of the map area. Previous studies have
shown that these deposits consist of layered pyroclastic
materials likely emplaced over multiple eruptive events
[11,15-18]. Flank materials exhibit layering and are
characterized by numerous broad valleys that radiate
from the volcano’s summit (north of map area). Most
valleys are incised with narrow channels, but some
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broader valleys contain channels that are sinuous and
braided. Wrinkle ridges are oriented parallel and
perpendicular to the flank slopes, deform the flank
materials, and occur as either broad ridges topped with a
narrow crenulated ridge or just a narrow crenulated
ridge [19].
Plains material (unit p): At THEMIS scales, plains
exhibit mottled, relatively smooth surfaces dissected by
channels and ridges. However, at CTX scales, it is
apparent that plains units have undergone more
significant surficial and structural modification. The
plains are deformed by wrinkle ridges, dissected by
fractures, and incised by channels with various
morphologies. Areas within the plains have undergone
collapse to form the canyon systems of Dao and Niger
Valles. Other areas within the plains (some of which
extend from the valles) contain fractures, scarps and
elongated pits that define zones of subsided plains, large
tilted slump blocks, and chaotic clusters of plains that
may represent pre-valles morphology. It is likely that
collapsed plains, combined with fluvial erosion, formed
the valles [4]. Abundant evidence for fluvial erosion,
including narrow sinuous channels, broad flat-floored
canyons, and braided channels occur throughout the
plains. Some broad channels emerge from areas of
chaotic collapsed plains. In CTX, the plains exhibit
surface textures that could result in subdivision of the
plains into several facies. For example, plains around
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Dao and Niger Valles exhibit etched and knobby
surfaces, whereas the plains south of Hadriacus Mons
contain lobate, flow-like structures; some areas, such as
in the southeast part of the map area, are mantled by the
mid-latitude mantle material.
References: [1] Schultz, R.A., and H.V. Frey (1990) JGR,
95, 14,175-14,189. [2] Greeley, R., and J.E. Guest (1987)
U.S.G.S. Misc. Inv. Ser. Map I-1802-B, 1:15M. [3] Crown,
D.A., et al. (1992) Icarus, 100, 1-25. [4] Crown, D.A., et al.
(2005) JGR, 110, E12S22, doi:10.1029/2005JE002496. [5]
Tanaka, K.L., and G.J. Leonard (1995) JGR, 100, 5407-5432.
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Figure 2. Geologic map of MTM quadrangles -35262, -35267 and -35272. Image base is THEMIS day IR mosaic (100
m/pixel).
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THE HAMO-BASED GLOBAL GEOLOGIC MAP OF CERES. S.C. Mest1, D.A. Crown1, R.A. Yingst1, D.C.
Berman1, D.A. Williams2, D.L. Buczkowski3, Jennifer E.C. Scully4, T. Platz5, R. Jaumann6, T. Roatsch6, F.
Preusker6, A. Nathues5, H. Hiesinger7, J.H. Pasckert7, C.A. Raymond4, C.T. Russell8, and the Dawn Science Team,
1
Planetary Science Institute, 1700 E. Ft. Lowell Rd., Suite 106, Tucson, AZ 85719 (mest@psi.edu); 2School of Earth
& Space Exploration, ASU, Tempe, AZ; 3JHU-APL, Laurel, MD; 4NASA JPL, California Institute of Technology,
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Introduction: NASA’s Dawn spacecraft arrived at
Ceres on March 5, 2015, and has been studying the
dwarf planet through a series of successively lower orbits, obtaining morphological, topographical, mineralogical, elemental, and gravity data [1]. The Dawn Science Team is conducting a geologic mapping campaign
for Ceres similar to that done for Vesta [2,3], including
production of an Approach- and Survey-based global
geologic map [4] at 1:10M-scale, a High Altitude Mapping Orbit (HAMO)-based global geologic map [5] at
1:2.5M-scale, and a series of 15 Low Altitude Mapping
Orbit (LAMO)-based 1:500K-scale quadrangle maps
[6]. In this abstract we discuss current results from the
HAMO-based global geologic mapping effort for Ceres.
Mapping Methodology: The HAMO-based global
geologic map of Ceres is being produced at a scale of
1:2.5M using image, spectral, and topographic data
from the Dawn mission. Primary mapping materials
include the Dawn Framing Camera (FC) HAMO (~140
m/pixel) mosaic and individual images [7], the global
HAMO DTM (137 m/pixel) derived from FC stereo
images [8], and FC color mosaics (0.44-0.96 µm) [9].
These data are used to identify contacts and for map unit
characterization. Some higher resolution LAMO images
also were used in limited cases where the locations of
contacts or features were difficult to discern.
Base materials were compiled and the geologic
mapping conducted in ArcGIS. Geologic units were
discriminated primarily by differences in albedo and
surface texture. In some cases, FC color images are used
to constrain the extents of units, as well as to characterize units relative to surrounding units. Contacts are
mapped as polylines with accurate, approximate, and
inferred symbologies. Point features are used to identify
important features that characterize a unit or feature
(e.g., bright spots on the floor of crater Occator, small
tholi, central peaks). Linear features, mapped as
polylines, include structures and features that are linear
to arcuate in planform; linear features include both positive-relief (e.g., ridges, crater rims, scarps) and negative-relief (e.g., grooves, crater chains, pit chains,
troughs) types. Because of the map scale, only units and
features that meet minimum size criteria are represented
on the map: geologic units greater than 100 km2 in area,
impact craters greater than 20 km in diameter, and linear
features greater than 20 km long.

Physiography of Ceres: Ceres exhibits ~16 km of
topographic relief [8], and prelimnary mapping from
Approach and Survey images [4] showed that Ceres is
dominated by broad expanses of low-lying terrains and
small areas of elevated terrains. The “lows” within the
low-lying terrains appear to have been shaped by largediameter impacts, forming basins. The “highs” within
the elevated areas appear to be composed of large knobs
and the rims of degraded craters.
Mapping Results: Geologic mapping has defined
several widespread units: cratered terrain, smooth material, and units of the Urvara/Yalode system. Cratered
terrain forms most of Ceres’ surface and contains rugged surfaces derived largely from the structures and
deposits of impact features. The material of the cratered
terrain includes the oldest terrains exposed on Ceres, but
the geologic materials likely consist of crustal materials
heavily mixed with impact materials. Smooth material
forms nearly flat-lying to hummocky plains in the western equatorial hemisphere; this unit is found on the floor
of, and surrounding, crater Kerwan, where it embays the
cratered terrain. The geologic materials related to the
Urvara and Yalode basins consist of impact materials
(floor, rim, and ejecta deposits) that cover a broad part
of Ceres’ eastern and southern hemispheres. Urvara
ejecta consists of a rugged and a smooth facies, whereas
Yalode ejecta can be distinguished by its smooth and
rolling to stucco-like texture. Superposition relations
show that ejecta deposits and structures from Urvara
superpose Yalode.
In addition to Urvara and Yalode, impact materials
can be identified across Ceres, and include crater materials and smooth and hummocky crater floor materials.
Crater material is identified around many of the more
fresh-appearing craters. These deposits include primarily rim and ejecta materials, as well as crater floors
where floor materials can not be discerned as a separate
unit. Some morphologically fresh craters are associated
with a blue to light blue color in the FC color mosaic
that correlates with ejecta patterns.
Impact craters are the most prevalent features on
the surface of Ceres, and appear to have caused most of
the visible geologic modification of the surface [10].
Impact craters on Ceres exhibit a range of sizes – from
the limits of resolution to larger impact basins such as
Urvara (170 km), Yalode (260 km), and Kerwan (284
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km). Ceres’ impact craters also exhibit a range of preservation styles. Many craters of all sizes appear morphologically “fresh” to moderately degraded with rims
that are nearly circular and raised above the surrounding
terrain. Small fresh craters (<15 km) display simple
bowl shapes, whereas larger fresh craters display steep
walls and flat (sometimes fractured) floors [4], though
most contain hummocky or irregular-shaped deposits on
their floors. Many craters exhibit irregularly shaped,
sometimes scalloped, rim structures, and many craters
contain debris lobes on their floors, suggesting instability in surface materials. Ceres also contains a number of
large depressions that are only apparent in the topographic data. These depressions are quasi-circular in
shape, suggesting ancient infilled basins, but clear rim
structures are not apparent [e.g., 10,11].
In addition to the rims of impact craters and basins,
the surface of Ceres contains a variety of structures. Of
particular interest are sets of negative relief linear to
arcuate features (such as furrows, grooves, troughs, pit
chains and impact crater chains) that dissect Ceres’ surface and form catenae and fossae that mostly extend
radially from large impact structures. For example, linear to arcuate troughs and grooves radial to Yalode form
Samhain and Uhola Catenae north of the basin. The
lineations north of Yalode are a few (<20) kilometers
wide and hundreds of kilometers long, whereas a portion of Samhain Catenae northwest of Yalode consists
of a chain of closely-spaced circular to elongated de-
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pressions, interpreted to be a secondary impact chain
from Yalode. Gerber Catena extends to the northwest of
Urvara and is similar in morphology to Samhain and
Uhola Catenae, but narrower. Ejecta from Yalode and
Urvara are not observed on the floors of these catenae,
which are interpreted to post-date these impacts.
Evaluation of superposition and cross-cutting relations
with these features and the units in which they occur is
providing important age relationships for Ceres [e.g.,
12].
Ongoing work: Based on the units presented here,
we are currently engaged in crater-based age dating,
determining superposition relations, and using this to
interpret Ceres chronostratigraphy; this will be discussed in detail in an upcoming manuscript.
References: [1] Russell C.T. et al. (2016) Science, 353,
1008-1010. [2] Williams D.A. et al. (2014) Icarus, 244,
1-12. [3] Yingst R.A. et al. (2014) PSS, 103, 2-23. [4]
Buczkowski D.L. et al. (2016) Science, 353, aaf4332.
[5] Mest S.C. et al. (2016) GSA Abs. with Programs,
#110-7. [6] Williams D.A. et al. (2016) Icarus, in review. [7] Roatsch T. et al. (2016) PSS, 129, 103-107. [8]
Preusker F. et al. (2016) Lunar Planet. Sci. Conf., 47,
Abstract 1954. [9] Nathues A. et al. (2016) Nature, 528,
237-240. [10] Hiesinger H. et al. (2016) Science, 353,
aaf4759. [11] Bland M.T. et al. (2016) Nature Geoscience, 9, s38-42. [12] Crown D.A. et al. (2016) Icarus,
in review.

Figure 1: Global geologic map of dwarf planet Ceres. Map base is Dawn FC HAMO mosaic (courtesy DLR). Projection is Molleweide; center longitude is 180°E.

3rd Planetary Data Workshop 2017 (LPI Contrib. No. 1986)

7059.pdf

STATUS OF SOFTWARE PRESERVATION IN PLANETARY SCIENCE. C. C. Million1, A. Brazier2, T.
King3, A. Hayes2. 1Million Concepts (PO Box 119, 141 Mary St, Lemont, PA 16851; chase.million@gmail.com),
2
Cornell University, 3UCLA.

Introduction: At the 2015 Workshop, we discussed
the need for data users and software producers to discuss and agree on standards and policies related to
executable digital data archiving in absence of formal
policies from our funding agencies. In in the intervening two years, we have noted increasing community
understanding of and support for software preservation, as well as evolving policies from NASA and related institutions on this tipic. We will review the current status of software archiving in planetary science
and suggest next steps.
NASA Planetary Science Division policy: The 2016
and 2017 NASA Research Opportunities in Space and
Earth Sciences (ROSES) omnibus solicitations included new and updated requirements with respect to Data
Management Plans (DMP) under many programs and
subprograms. Of particular interest, Planetary Science
software is explicitly included as a class of data that
may need to be archived. Specifically: “The DMP
should also cover any other data and software that
would enable future research or the replication/reproduction of published results. Software, […]
should be made publicly available when it is practical
and feasible to do so and when there is scientific utility
in doing so. […] NASA expects that the source code,
with associated documentation sufficient to enable the
code’s use, will be made publicly available via GitHub
(https://github.com/NASA-Planetary-Science), the
PDS (for mission-specific code, when appropriate), or
an appropriate community-recognized depository (for
instance, the homepage of the code base for which a
module was developed). Archiving software […] does
not require the proposer to maintain the code.” [1]
Additionally, the 2017 Planetary Data Archiving,
Restoration and Tools (PDART) solicitation, which
supports software tools development, includes (as it
has in the past) a requirement that data be deposited
“in the NASA PDS or an equivalent archive.” For the
first time, the 2017 call clearly defines what qualifies
as a “PDS equivalent” archive, specifically those
which have features of (1) independence, (2) sustainability, (3) open accessibility, (4) searchability, (5) citability, (6) preeminence, and (7) standardization, with
desirable but optional features of (8) peer review and
(9) documentation. These terms are briefly defined in
the solicitation. [2]
This policy is a significant step toward research reproducibility, but some notable issues remain. First, as
we noted in 2015, Github is not an archive; it is a privately owned and controlled software project management tool that lacks the infrastructure, oversight,

and Federal backing that are necessary to ensure the
survival of data and does not meet the definition of
“PDS equivalence.”
Also, source code and documentation (no matter
how thorough) is unlikely to be sufficient to preserve
longterm software usability, which in many cases will
require preserving the operating environment in which
the software system was designed and used. All software becomes un-runnable over time through changes
to the software and hardware operating environment in
a process called “bit rot,” eventually resulting in complete obsolescence such that any functionality is lost.
To maintain the usability of software for decades or
more requires “freezing” the operating environment as
a virtual machine image. Neither current NASA policy
nor archiving practice allows for this approach.
Planetary Data System policy: In 2016, the Planetary Data System Management Council issued a “Policy on Software Archiving.” It states, “Source code that
is sufficiently documented may be submitted as documentation for or an example of some processing algorithm. It will be subject to the same review and standards requirements as any other document submitted for
archiving.” and “PDS will not support or maintain
software in the archive.'' [3] This clarifies prior PDS
policy in establishing that plain text source code is to
be treated as a sort of non-prose documentation and
seems to, by exception, reiterate that “executable” data
such as virtual machines and source code that does not
serve to document “some algorithm” (e.g. test cases,
installation scripts, Docker files) are unwelcome.
Future work: Archiving of software is complicated
by the realities of current technology, software engineering practices in research environments, and software licensing. Best practice continues to evolve rapidly. However current policies are inconsistent and likely
to fail, in practice, to preserve the functioning of software over long terms. We will discuss a range of possible paths towards long term research software archiving in usuable formats. Such paths may include compromises on what qualifies as an appropriate archive
for research software and pursuit of advances in the
state of the art of technology and archive practice.
References: [1] NASA ROSES 2017, Solicitation:
NNH17ZDA001N [2] Planetary Data Archiving, Restoration and Tools (PDART) 2017, Solicitation:
NNH17ZDA001N-PDART [3] PDS “Policy on Software
Archiving”
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GEOLOGIC MAPPING OF ASCRAEUS MONS, MARS. K.J. Mohr1, D.A. Williams 1, W.B. Garry2, and Jacob
E. Bleacher2 1School of Earth & Space Exploration, Arizona State University, Tempe, AZ 85282, kyle.mohr@asu.edu,
2
Planetary Geology, Geophysics, and Geochemistry Laboratory, Code 698, NASA Goddard Space Flight Center,
Greenbelt, MD 20771.

Introduction/Background: Ascraeus Mons (AM)
is the northeastern most large shield volcano residing in
the Tharsis province on Mars. We are funded by
NASA’s Mars Data Analysis Program to complete a
digital geologic map based on the mapping style defined
by [1,2]. Previous mapping of a limited area of these
volcanoes using HRSC images (13-25 m/pixel) revealed
a diverse distribution of volcanic landforms within the
calderas, along the flanks, rift aprons, and surrounding
plains [1,3]. The general scientific objective for which
this mapping is based is to show the different lava flow
morphologies across AM to better understand the
evolution and geologic history.
Data and Methods: We have finished geologic
mapping of Ascraeus Mons at a 1:1,000,000 scale using
ArcMap 10.3. A CTX mosaic and a THEMIS daytime
IR mosaic were used as the primary basemaps,
supplemented by HRSC, HiRISE, and MOLA data.
Geologic Observations: Geologic units were
defined and characterized by looking at flow

Figure 1. Geologic map of Ascraeus Mons at 1:1 M scale showing
contacts, linear features, location features, and geologic units.

morphologies across the main shield, rift aprons, and the
surrounding plains. A total of 27 units have been
observed on the main shield, rift aprons, and plains;
some of these units have facies changes, but are lumped
together to best fit the 1:1,000,000 mapping scale.
Main Shield. The main shield (labeled as Flank in
the legend, Fig. 1) has been divided into 9 different units
which includes the large summit caldera complex,
collapsed features, such as depressions, channel-fed
flows, raised ridges, impact crater cavities, and crater
ejecta. The flanks of the shield are dominated by a
mottled (Afm) unit surrounding the caldera and
channel-fed flows (Afch), which cover the majority of
the main shield. The mottled unit is typified by a rough
surface thought to be covered by dust, ash, or volatiles
making it difficult to determine distinct surface features
[1,2]. This unit is found at the summit of AM, and
covers a large portion of the western flank.
The western flank of AM is more degraded than the
other flanks. This degradation begins at the summit and
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is observed as far as 77 km down the flank. This mottled
unit has covered or eroded away pre-existing flows and
structures. Very few distinct flow lobes, ridges,
channels, or fans can be seen on the upper western flank.
The western flank of AM has been suggested to have
undergone
higher
atmospheric
precipitation,
contributing to the formation of glaciers, possibly
altering the surface [7].
Channel-fed flows (Afch) are distinguished by
subparallel linear channels often displaying levees [1,2].
These flows dominate the main shield with no preferred
orientation and are found beginning at the caldera
complex as well as in the lava fan units located further
downslope.
Flank ridges (Afrsm, Afrsc) are ‘raised’ positive
relief constructs found on the main shield and radiate
outward from the summit caldera complex, but are not
well-developed on the SW flank. We have subdivided
ridges into two unique units based on their origin in
mottled or channeled unit. Many of these ridges exhibit
a collapsed lava tube, mapped as a linear feature based
on characteristics developed by [4].
Lava fans (Affsm, Affsc) are positive topographic,
delta-like features [1,4], commonly observed at the
distal end of raised ridge. However not all lava fans are
associated with a known raised ridge (lava tube). The
apex of a fan marks its highest topographic point and
consists of a hill or cluster of hills from which flows
radiate downslope [4] (fan apex’s are marked as a
location feature on Fig. 1). Lava fans are prominent on
the NW and SE flanks of AM, >20 km from the caldera
complex, and have a similar orientation to lava fans
found on Olympus Mons [5]. Lava fans are cross-cut by
arcuate graben indicating that these features were
formed during the main shield building phase. This
could lead to a similar NW/SE spreading of AM as
hypothesized for Olympus Mons [6].
Rift Aprons. Ascraeus Mons has two large rift
aprons on the NE and SW flanks (Fig. 1). These rift
aprons are the main source for the large amount of lava
flows seen on the plains surrounding AM and have been
divided into 7 different units: channel (Aac), muted
(Aam), knobby (Aak), smooth (Aas), and ridged
(Aarm). The channel and ridged apron units are
comparable to the channel-fed and ridged units found
on the main shield. The muted apron is heavily mantled
by dust and is typically located off the SW flank.
The knobby unit is typified by almost karst-like
topography and is only found on the west side of AM
where the base is heavily modified by possible glacial
processes (the Aureole unit), potentially suggesting
lava/ice interaction or previous emplacement of the lava
flow that was later eroded by glacial ice.
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The smooth unit is distinguished by flow features
that have a smooth to platy surface with no distinct
change in topography. This unit is found on the floor of
the rift aprons and on the northwest area of the map and
is mantled by dust or has experienced less erosion.
Plains. The plains surrounding Ascraeus Mons have
been subdivided into 6 units: aureole (AHpa), mottled
(Apm), tabular (Apt), channel-fed (Apc), fissure-fed
(Apf), and low shield (Apls). The Aureole unit is
divided up into three separate units. The mottled and
channel-fed units are characterized by the same
distinctions found on the main shield and rift apron
units.
The Aureole unit is located on the base on the west
side of AM. This unit characterizes where potential
glaciation altered the flank/base of AM.
Long
horseshoe shaped ridges are seen at the western edge of
the Aureole unit resembling glacial moraines found on
Earth. The western flank has been heavily eroded and
shows a steep cliff face accompanied by a very low
sloped deposit, this makes up the aureole scarp unit.
Associated with this unit is an Aureole fan unit that
resembles alluvial fans found on Earth. The tabular unit
is defined by large lobate flows whose source is not
located in the mapping area. This unit overlies the rift
apron and other plains units and is believed to be the
youngest plains flows found in the mapping area.
The low shield unit is distinguished by small shield
volcanoes located on the plains NW and East of AM.
Discussion: Mapping reveals a similar sequence of
events for the evolution of Ascraeus Mons that agrees
with [1,2,3,8]: 1) main shield forms, 2) eruptions from
the NE/SW rifts emplace long lava flows that surround
main shield, 3) eruptions wane and build up the rift
aprons and shield fields, 4) glaciers deposit aureole unit
material, and 5) localized recent eruptions along the
main flanks, in the calderas, the small-vent field, and
possibly within the glacial aureole deposits.
References: [1] Bleacher J. E. et al. (2007) JGR,
112, E04003, doi:10.1029/2006JE002826. [2] Bleacher
J. E. et al. (2007) JGR, 112, E09005,
doi:10.1029/2006JE002873. [3] Garry W. B. et al.
(2014) LPSC 45, #2133. [4] Bleacher J. E. et al. (2011)
LPSC 42, #1805. [5] Bleacher J. E. et al. (2013) LPSC
44, #2074. [6] McGovern and Morgan (2009) Geology,
37, 139-142, doi:10.1130/G25180A.1. [7] Forget, F., et
al. (2006), Science, New Series, Vol. 311, No. 5759, pp.
368-371 [8] Crumpler L. S. and Aubele J. C. (1978)
Icarus, 34, 496-511.
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THE CRISM ANALYSIS TOOLKIT (CAT): OVERVIEW AND RECENT UPDATES. M. F. Morgan1, F. P.
Seelos1, S. L. Murchie1, 1Johns Hopkins University Applied Physics Laboratory, 11100 Johns Hopkins Road, Laurel, MD 20723, USA (frank.morgan@jhuapl.edu).
Introduction: The Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) Analysis
Toolkit (CAT) is an IDL/ENVI-based software system
for analyzing and displaying data from the Compact
Reconnaissance Imaging Spectrometer for Mars
(CRISM). We will describe CAT’s capabilities and
discuss recent updates to CAT’s map projection and
summary product generation functions.
CRISM: CRISM [1] is a hyperspectral imaging
spectrometer onboard the Mars Reconnaissance Orbiter. It covers the visible-near IR spectral range 0.4-3.9
µm at ~10 nm spectral resolution. The spectrograph
consists of two channels, the VNIR channel covering
0.4-1 µm, and IR covering 1-3.9 µm. Both spectrographs are fed by a common telescope, with a dichroic
beansplitter dividing incoming light between the short
and long wavelength channels.
Each channel employs a two dimensional array detector, imaging the entrance slit along one dimension
and dispersing spectra along the other. Both channels
acquire imagery with 640 pixels in the spatial dimension. The visible channel returns up to 107 spectral
bands, while the IR channel returns up to 438 bands.
Spectral sampling is 6.55 nm, and the effective bandpass including optical effects varies from ~9 nm in the
visible to 17 nm at the longest IR wavelengths.
CRISM data are acquired in either a pushbroom
configuration, with the entrance slit oriented perpendicular to the ground track, or in targeted mode, where
the instrument is gimbaled in the along-track direction
to reduce the apparent ground speed of the slit image.
In both cases, multiple frames are acquired to build an
“image cube” with 1 spectral and 2 spatial dimensions.
Pushbroon (mapping) mode data are acquired by staring at nadir, acquiring image frames at 15 or 30 Hz,
and coadding pixels along-slit to achieve spatial sampling of 100 or 200 m square pixels over long swaths.
Mapping modes include MSP, HSP, HSV, MSW, and
MSV, which return different combinations of spectral
bands. Full resolution targeted observations (FRT,
FRS) attain spatial sampling up to 18 m from MRO’s
~370 km orbital altitude, over a butterfly-shaped
ground footprint roughly 10 km wide. Reduced resolution targeted modes (HRL, HRS) provided lower data
volume by coadding pixels. Two additional targeted
modes result in non-square pixels (ATO, ATU). The
observing parameters for different types of observations pointed at Mars' surface are summarized in Table. 1.

Table 1. Summary of CRISM Mars surface observation types.
Class
Spatial
Mapping/
VNIR
IR
Type
Sampling Targeted
Bands
Bands
(m/pxl)
MSP
~200
M
19
55
MSW
~100
M
19
55
HSP
~200
M
107
154
HSV
~200
M
107
N/A
MSV
~100
M
90
N/A
FRT
~20
T
107
438
HRL
~40
T
107
438
HRS
~40
T
107
438
ATO
~20x10
T
107
438
FRS
~20
T
107
438
ATU
~20x40
T
107
438
CRISM data are processed and delivered to the
PDS at several different calibration levels [3]. For both
targeted and mapping data, “targeted reduced data records” (TRDRs) are in sensor space: ‘RA’ image cubes
are calibrated to radiance without further processing,
and ‘IF’ cubes are reduced to I/F and filtered to remove some detector noise. Qualifying targeted data
that include accompanying "emission phase functions
(EPFs)" are further processed to “Map-projected Targeted Reduced Data Record” (MTRDR) images.
MTRDRs correct for atmospheric gas absorptions and
photometric effects, normalize aerosol effects to the
geometry closest to nadir in the data, mitigate the effects of spectral smile, join the visible and IR channels
to provide a single cube covering the instrument’s full
range, map-project the composite cube, and flag "bad
channels" with degraded calibration [2]. See the
CRISM Data Product Specification [3] for a detailed
description of all data products.
CAT Functions: CAT’s primary functions include
opening CRISM data files and deriving ENVI headers
from PDS labels. Compatible CRISM products include
TRDRs, Map projected Reduced Data Records
(MRDR or “map tiles”), MTRDRs [2,3], Derived Data
Records (DDRs, which contain geographic and photometric parameters), and Calibration Data Records
(CDRs). For TRDRs, additional functions include application of photometric and atmospheric gas corrections, calculation of summary products, and map projection. CAT runs as an ENVI add-on, so ENVI’s
built-in image display and spectral analysis tools are
available once CRISM data are loaded and processed.
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Much of CAT’s functionality is replicated by the
processing now incorporated into the newly developed
MTRDR products [2]. However, CAT remains the tool
of choice for viewing spectra and for processing targeted observations lacking EPFs and for strips of mapping data. CAT also allows the analyst to go back to
the original calibrated data and confirm that interesting
spectral features are not introduced by the I/F noise
filtering or MTRDR corrections.
Recent Updates: Recent updates to the CAT include those to the map projection and the summary
parameter calculation capabilities. The CAT map projection has been updated to conform to MRO project
standards, matching the projection applied to MTRDR
data including latitude of origin, datum, and names.
Updated spectral summary parameters [4] have
been incorporated. Summary parameters are derived
from reflectances at key wavelengths to highlight spectral features characteristic, for example, of specific
minerals. The revised summary parameters take advantage of hyperspectral sampling to improve original
parameters [5] and mitigate spurious signals due to
photometric effects, noise, etc.
Among other improvements is the ability to remove
“disconnected frames” from map projected scenes.
These can result when CRISM is acquiring a targeted
observation but before the gimbal is begins tracking
the surface, producing a set of staggered frames that
are offset from the main portion of the scene.
Summary: We will present an overview of
CRISM data products and CAT workflow, including
updates. A separate coordinating workshop is anticipated that will provide hands-on guidance.
References: [1] Murchie S. et al. (2007) JGR, 112,
10.1029/2006JE002682. [2] Seelos F. P. et al. (2016)
LPS XLVII, abstract #1783. [3] S. Murchie, E. Guinness and S. Slavney (2016) Mars Reconnaissance Orbiter CRISM Data Product Software Interface Specification,
pds-geosciences.wustl.edu/missions/mro/
crism.htm. [4] Viviano-Beck C. E. et al. (2014) JGRPlanets, 119, 10.1002/2014JE004627. [5] Pelkey S. M.
et al. (2007) JGR-Planets., 112, E08S14,
doi:10.1029/2006JE002831.
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Mapping Hrad Vallis, Mars. P. J. Mouginis-Mark1 and C. W. Hamilton2; 1. Hawaii Institute
Geophysics Planetology, University of Hawaii, Honolulu, HI 96822 (pmm@higp.hawaii.edu); 2.
Lunar Planetary Lab., Univ. Arizona, Tucson, AZ, 85721.
Introduction: Hrad Vallis is a geologically
young (Amazonian-age) outflow channel located
within the Elysium volcanic province on Mars.
The determination of its emplacement history
provides fundamental information about the planet’s hydrologic and thermal evolution. For the

past three years, we have been mapping this area
at a scale of 1:175K, as well as using numerical
simulations to assess whether Hrad Vallis formed
through catastrophic aqueous flooding, effusive
volcanism, or a combination of both processes.
Our current map is shown in Fig. 1.

Fig. 1: Current version of our geologic map of the Hrad Vallis region, Mars. Hrad Fossae, the source
region for Hrad Vallis, forms NW-SE trending structures in the southern portion of the map that is surrounded by the ridge and trough material (Aelt) which feeds into flood plain materials (Achp). Unit Apf
is the unit interpreted to be an inflated lava flow. Galaxias Mons is unit Aelr. Insert at top right shows
the location of our study area. Elysium Mons volcano is at lower right.
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Key conclusions from our mapping
Our geologic mapping reveals that the oldest
exposed units near Hrad Vallis include assemblages of eroded knolls, plateaus, and flows,
which form the high-standing rugged material
(Aelc), and a series of lava flows comprising
plains-forming materilas (Ael). Amazonian-age
flow units near Hrad Vallis are attributed to a
multi-stage emplacement history, including: (1)
an intitial aqueous flood deposit (Aps) triggered
by the intrusion of a large sill beneath Hrad Fossae [1]; (2) an episode of effusive volcanism that
produced a lava-rise (Apf) with lava-rise pits
distributed throughout its interior; and (3) a series of flow units (Aelt, Achp, and Ach) that
were associated with the formation of Hrad Vallis itself. These flow units are interpreted to be
the product of another episode of magmatic intrusion and aqueous flooding. This pattern of
alternating aqueous flooding and effusive volcanism is consistent with observations of other
outflow channel systems on Mars, such as Marte
Vallis [2, 3], Athabasca Vallis [4, 5], and Mangala Valles [6]. This suggests that Amazonianage outflow channels were not formed during a
single event, but rather are the products of multiple stages of activity, alternating between
aqueous flooding and lava flow emplacement.
We believe that the intrusions and the lava
flows near Hrad Vallis may have interacted with
surficial ice deposits, resulting in flow confinement and the development of explosive lavawater interactions (e.g., Galaxias Mons, Aelr,
[7]). Our preferred origin of unit Apf as a lava
flow differs from previous interpretations [1, 8],
because it is not now believed to be a mudflow.
But, if this interpretation is correct, it may be
one of the best examples of an inflated pahoehoe-like flow on Mars. Such an interpretation would also provide an explanation for the
origin of the thermally anomalous craters first
identified by Morris and Mouginis-Mark [9]; if
unit Apf is an inflated lava flow, then these
anomalous craters can be interpreted as lava pits,
similar to those identified in Hawaii [10].
Next Steps
As Fig. 1 illustrates, we have almost finished the
linework for our map. The COMU and the
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DOMU are also well underway. Our plan therefore is to complete the draft map and submit it
for review this summer. We also have a manuscript submitted for peer review [11], and this is
focused on the sequence of the aqueous flooding
episodes and volcanic activity, and our interpretation of flow as an inflated pahoehoe-like lava
flow.
What is clear is that the western segment of
unit Apf extends well to the west of our map
area. The central segment of Apf also extends
far to the north, and approaches some of the
fractures associated with Galaxias Fossae
(37.5oN, 217.5oE). The small segment of Apf
on the eastern edge of our map area is but a
small segment of the flows identified by [8] and
mapped as part of a fluvial outflow system by
[7]. Thus our current map area really should to
be extended to fully understand the spatial extent of these inflated flows. Indeed, the entire
area between 33.0 – 37.5oN, 139.0 – 145.0oW is
a fascinating area with a complex interplay between ice, groundwater, both effusive and explosive volcanism. It therefore warrents additional attention by the planetary geology community.
References
[1] Wilson, L. and P. J. Mouginis-Mark (2003).
J. Geophys. Res. 108, doi: 10.1029/
2002JE001927. [2] Burr, D. M. et al. (2002).
Geophys. Res. Lttrs. 29(1), 1013. [3] Burr, D.
M., L. Wilson and A. S. Bargery (2009). In:
Megaflooding on Earth and Mars, Cambridge
Univ. Press, pp. 194 - 208. [4] Jaeger, W. L. et
al. (2007). Science 317, 1709 – 1711. [5] Jaeger, W. L. et al. (2010). Icarus 205(1), 230 –
243. [6] Keske, A. L. et al. (2015). Icarus 245,
333 – 347. [7] Mouginis-Mark, P. J. and L.
Wilson (2016). Icarus 267, 68 - 85, 2016. [8]
De Hon, R. et al. (1999). USGS Misc. Map I2579. [9] Morris, A. R. and P. J. MouginisMark (2006). Icarus 180, 335 – 347. [10]
Walker, G. P. L. (1991). Bull. Volcanol. 53: 546
– 558. [11] Hamilton, C. W. et al. (2017). Episodes of aqueous flooding and volcanism from
geologicall recent outflow channels on Mars.
Submitted to Earth Planet. Sci. Lttrs.
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PDS4 Viewer: A standalone display tool for PDS4 data, backed by a Python PDS4 read-in API. L. Nagdimunov1, Department of Astronomy, Small Bodies Node, University of Maryland, College Park, MD 20742 (lnagdi1@astro.umd.edu).

Introduction: We present two tools intended to
aid both PDS data users and data providers: a
standalone display tool for PDS4 data [1], and an API
to read PDS4 data into Python [2].
PDS4 Viewer: A display tool that allows for easy
visualization and basic data analysis for PDS data users, and can serve as an archive preparation tool for
data providers. The tool is available as a standalone
executable for Windows, OS X and various Linux flavors. All PDS4 observational data products are supported. In our presentation, we will describe and
demonstrate the available functionality for various data
products, and show interfaces for easier PDS4 label
meta data consumption.
Python API: A Pythonic interface for data described by PDS4 labels. The API supports read-in of
all PDS4 observational data products, and enables convenient access to PDS4 label meta data for users. Both
Python 2 and 3 are supported. The tool is intended to
enable data analysis, and to aid other PDS tools development. We will provide an introduction to reading
PDS4 data into Python, and an overview of the available data and meta data outputs.
References:
[1] http://sbndev.astro.umd.edu/wiki/PDS4_Viewer,
[2] http://sbndev.astro.umd.edu/wiki/Python_PDS4_Tools
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GIS-BASED
DATA
STRUCTURE
FOR
GEOLOGICAL
MAPPING
OF
CERES
ONE GLOBAL MAP COMPOSED OF 15 MAP SHEETS. A. Naß and the Dawn Mapping Team
DLR, Intitute for Planetary Research, Rutherfordstrasse 2, 12489 Berlin, Germany (andrea.nass@dlr.de).

Introduction: One aim of the NASA Dawn mission is to generate global geologic maps of the asteroid
Vesta and the dwarf planet Ceres. The geological mapping campaign of Vesta was completed and published,
e.g. [1], but mapping of Ceres is still ongoing. The
tiling schema for the mapping project based on recommendations by [2], and is divided into two parts (for
Ceres described in [3]): four overview quadrangles
(Survey Orbit, 415 m/pixel) and 15 more detailed
quadrangles (High Altitude Mapping HAMO, 140
m/pixel). The first global geologic map based on survey images [4]. This served as basis for generating a
more detailed view of the geologic history and also for
defining the chrono- stratigraphy and time scale of the
dwarf planet [5]. The most detailed view can be expected within the 15 quadrangles based on HAMO
resolution and completed by the Low Altitude Mapping
(LAMO) data (35 m/pixel). For the interpretative mapping one responsible mapper was assigned for each
quadrangle. Once the mapping is finished, all datasets
must be mergable in ESRI’s ArcGIS™.
Purpose: Derive regional and global valid statements out of the map quadrangles is already a very
time intensive task. However, another challenge is how
the 15 individual mappers can generate one homogenous GIS-based project (w.r.t. geometrical and visual
character) representing one geologically-consistent
final map. This was already mentioned for mapping of
Vesta in [6].
Within this contribution a template will be presented which was generated for the process of the interpretative mapping project of Ceres to accomplish the requirement of unifying and merging individual quadrangle. The template
1. accommodates the requirements for data storage
and database management (e.g., [7]),
2. it uses standards for digitizing, visualization, data merging and synchronization,
3. it based on new technological innovations within GIS software and the individual requirements
for mapping Ceres, and
4. on developments regarding symbology and
framework described in [8] and [9].
Mapping template: The mapping template is
based on the ArcGIS format file-geodatabase (FGDB)
and splitted in three main layers: 1) basis data layer
(bdl): as placeholder for the map-projected images,
upon which the mapping based on, 2) map sheet layer

—

(msl): includes map graticules and the different quadrangle boundariesand 3) geologic mapping layer (gml):
contains the layers into which the planetary features
will be mapped. Furthermore, the Ceres FGDB includes:
• 5 feature classes representing specific types of
geologic features: PointFeature, LineFeature,
Geo-Contact, SurfaceFeature (thin deposits or
surficial geomorphological objects), and basic
GeolUnits (all vector based).
• Subtypes and Domains are hierarchical, or domain-controlled, attributes that are coordinated
within each FC. By this a thematic/genetic and
predefined description of the objects is managed.
• Cartographic symbols follow [10] as far as possible. For the implementation into ArcGIS, we
used a predefined symbol set [8] that will be
modified and expanded for the individual quadrangle mapping of Ceres.
• Speciality: the colors for the geological units
were defined by individual needs and requests
within the mapping team. The color choice was
based on established color values used in geologic maps, e.g., generated by USGS.
Furthermore the mappers were supported by
• different instruction documents,
• a metadata template based on standardized
metadata keywords, e.g., defined in [11], [12].
• extra template (in a vectorbased software) arrange all map components (legend, map title,
grid, projection information etc.) uniformly in a
predefined map sheet.
The template is also useable in open source software QGIS and could be transfer to databasesystems
like PostgreSQL.
Review and Open Questions: The mapping template has served as a necassary basis for the mappers to
generate their individual but comparable maps, and
thus gives the possibility to merge the 15 quads in the
future to one global map (see figure 1). The current
status and general information of the mapping project
are summarized in [13]. Because the creation of the
mapping template was and is an iterative process which
is still in progress, there are still some topics (focus on
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GIS and cartographic visualization) to discuss on the
way to a homogenous and comparable map layout.
These are:
1. boundary regions of all quads have to be strongly reviewed to enable a consistent description of
Ceres.
2. map scale and minimum dimension of the objects have to be checked for a homogenous
global result despite the different mapping/interpretation style of the mapper.
3. map boundaries defined by the HAMO atlas
schema have to be consistent, independently of
whether or not im-portant objects are fully included.
4. color schema was generated by defining one
color for each of the units expected by the mappers. It has to decided very carefully if additional colors for individual and regio-nal phenomena should be used.
5. same font type, and font size, as well as the
same status of nomenclature (approved by the
IAU) should use.
6. an updated version of the already existing feature catalog (done by Katrin Krohn, DLR) and
the generated global map legend could be
combinded to describe the different units and
features generically and visually. This will provide a first global view of the objects and units
on Ceres and could be used for more detailed
investigation.
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Summary: The template for (GIS-base) mapping
presented here directly links the generically descriptive
attributes of planetary objects to the predefined and
standardized symbology in one data structure. Using
this template the map results are more comparable and
controllable. Merge and synchronize the individual
maps will be far more efficient, and first possible. The
template can be adapted to other planetary body,
and/or be used within future discovery missions (e.g.,
Lucy and Psyche which was selected to explore the
early solar system by NASA) for generating reusable
map results.
References: [1] Greeley, R. & Batson, G. (1990) Planetary
Mapping, Cambridge University Press [2] Williams D.A. et al.
(2014) Icarus, 244, 1-12 [3] Roatsch, T. et al. (2016) PSS 129, 103107 [4] Buczkowski, D.L. et al. (2016) Science 353, aaf4332,
doi.org/10.1126/science.aaf4332 [5] Mest, S. et al. (2017) LPSC
2017, #2512 [6] Williams, D.A. (2016) LPSC 2016, #1588 [7]
Arctur, D. & Zeiler, M. (2004) Designing Geodatabases, ESRI
Press, Redlands, CA [8] Nass, A. et al. (2011) PSS 59(11-12),
doi:10.1016/J.pss.2010.08.022 [9] van Gasselt, S. & Nass, A.
(2011) PSS 59(11-12), doi:10.1016/j.pss. 2010.09.012 [10] FGDC
(2006) Digital Cartographic Standard for Geologic Map Symbolization, FGDC-STD-013-2006 [11] PDS (2009) Planetary Data
System Standard Reference, Technical Report [12] FGDC (1998,
2000) Content Standard for Digital Geospatial Metadata (Workbook), FGDC-STD-001-1998 [13] Williams, D.A. et al. (2017)
LPSC 2017 #1451.

Figure 1 Schematic view on filegeodatabase-driven Geological Mapping Template for Ceres.
(Downright: current status of the composed global map, which will be completed during the mapping campaign.)
Acknowledgements: This work is supported by E. Kersten
(DLR, Berlin), David Nelson (ASU) and the Dawn Mapping Team.
Furthermore by the valuable discussions with and the efforts taken
by Stephan van Gasselt (University Seoul) and the USGS Astrogeology Science Center, Flagstaff.
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CARTOGRAPHIC SYMBOLIZATION IN GEOLOGIC AND GEOMORPHOLOGIC MAPS –
SPECIFIED COLLECTION AND GIS-BASED IMPLEMENTATION FOR PLANETARY SCIENCE.
A. Nass1, C.M. Fortezzo2, J.A. Skinner Jr.2, M.A. Hunter2, T.M. Hare2, 1DLR, Intitute for Planetary Research, Rutherfordstrasse 2, 12489 Berlin, Germany, (andrea.nass@dlr.de); 2USGS Astrogeology Science Center, 2255 N. Gemini Drive, Flagstaff, Arizona.

Introduction: Maps are one of the most powerful
communication tools for spatial data. Maps of planetary surfaces, in particular those of the Moon, Mars,
and Venus, are standardized products and often prepared as a part of hypothesis-driven science investigations. The Planetary Geologic Mapping program, funded by NASA and coordinated by the USGS/ASC [1],
produces high-quality, standardized, refereed geologic
maps and digital databases of planetary bodies. In this
context, 242 geologic/geomorphologic, and thematic
map sheets and map series have been published since
1962. However, outside of this program, numerous
non-USGS published maps are created as result of scientific investigations and published within a peerreviewed journals articles.
The mapping basis is mostly limited to remotely
sensed satellite data, with a few exceptions from rover
data. Furthermore, due to the complexitiy of planetary
surfaces, diversity between different planet surfaces,
and the varied resolution of the data, geomorphologic/geologic mapping is a challenging task and highly
interpretative work.
Uniform and unambiguous data are fundemental to
make quality observations that lead to unbiased and
supported interpretations, especially when there is no
current groundtruthing [2]. To allow for correlation
between different map products (digital or analog), the
spatial objects are visualized by predefined and standardized cartographic symbols. [3] defines the most
commonly used symbols, colors, and hatch patterns.
Chapter 25 of this document defines the Planetary Geology Features based on the symbols defined in [4].
Purpose: The focus is on changing the symbology
with respect to time and how it effects communication
within and between the maps. Two key questions are
Q1 Does [3] provides enough variability within the
chapter 25 and the other subcategories (e.g., faults) to
represent the data within currently needed maps?
Q2 What recommendations can the mapping community and its steering committees make to convey
information succinctly and thoroughly in plantary
themed maps to enhance a map’s communicability?
Methods: To determine the most representative
symbol collection supporting future map results, we
defined the task list as follows:

M1 Statistical review of existing symbol sets and
collections: The symbol sets within the USGS products
of the geologic mapping program (available here [1])
would be documented and analyzed.
M2 Establish a representative symbol set for planetary mapping: The results of M1 will be compared with
the symbols in [3] to determine how they overlap. Finally, members of the mapping community and staff at
USGS/ASC will review the symbols to identify where
deficiencies and excesses exist within the current [3].
M3 Update cartographic symbols: The symbol set
resulting from M2 will be used to create a new set of
cartographic symbols. These symbols will respect symbols used in past maps, but will focus on retiring lowuse and outmoded symbols and replacing them with the
appropriate terrestrial symbols, when they exist.
M4 Implementation into GIS-based mapping software: every particular (carto-)graphically formulated
symbol will be implemented into the appropriate software to increase the useablility for the planetary mappers. This implementation will mimic the 2010 application of the planetary symbol set into ArcGIS (see [5]),
but also implementations into other GIS, e.g., QGIS.
M5 Distribute the symbol set: to reach as many
planetary users as possible, it is necessary to draw attention to the symbol recommendations (e.g. within
workshop and conference contributions) and provide
the updated symbol set at different locations (e.g., institute websites, cross link to international organizations
like IAU, ICA, ISPRS, and initiatives like openplanetary [6], MAPSIT, FGDC, and academic institutes).
Current Status: We considered 154 of the 242 on
[1] available geological maps sheets. Within this 154
maps the mappers used 531 different symbol discriptions (map legends have mean = 12, may. = 30, and
min. = 1 listed symbol). The symbol description often
shows different phrasing for the same feature, so that
the used description does often not link distinctively to
one symbol graphic. Based on this fact, it isn‘t easily
possible to find the most needed symbols. Thus, we
generated an overview of the most described objects in
a map by a querying keywords in the statistic (see figure 1). This diagram gives the first realistic hint to the
most used objects which were described in the available maps and will serve as basis for the next decisions.
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Summary and Outlook: Following the formulated
tasklist, the next steps are:
• Increase the statistical population by including
representative maps in- and outside USGS maps.
• Establish a digital collection of most used symbols for geological planetary maps.
• Discuss color recommendation for geological
units of different planetary bodies and chronological
epochs following, e.g. shown in [3] or
www.stratigraphy.org/.
After the first symbol collection a few more task
are essentional to enable a userfriendly and software
independent usage of the symbols in GIS environment
A1 merge symbols with predefined attribute values
characterize plantary objects in geological data model
– already ongoing approach see also [7].
A2 convert and save symbols in open formats, e.g.
*.svg (already discussed in [5]).
A critical review of the existing standard for geological features in planetary sciences is important to
ensure uniform and understandable maps in the future.
Therefore we established the joint and ongoing project
between USGS ASC and DLR and are working on a
updated symbol collection for geologic and geomorphologic maps.
If you as experianced mapper in plantery science
like to volunteer, please contact us!
References: [1] United States Geological Survey
(2016) Planetary Geologic Mapping Program Website,
https://planetarymapping.wr.usgs.gov/ [2] Archinal et
al. (2017) LPSC, #2286. [3] Federal Geographic Data
Committee (2006) FGDC Digital Cartogrhic Standard
for Geologic Map Symbolization: Reston, Va., FGDCSTD-013-2006, 290p, 2plates [4] Tanaka, K. et al.
(1994) The Venus geologic mappers`handbook, OpenFile Report 94-438, U.S. Geological Survey [5] Nass,
A. et al. (2011) PSS, Vol. 59(11-12), doi:10.1016/
J.pss.2010.08.022 [6] Manaud, N. et al. (2016) DPSEPSC, #2587836 [7] Nass, A, (2017) LPSC, #1892.

Figure 1 statistical overview of already used symbol
descriptions (sorted by count).
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ARCHIVING DERIVED DATA WITH THE PDS ATMOSPHSERES NODE: THE
EDUCATIONAL LABELING SYSTEM FOR ATMOSPHERES (ELSA)
Lynn D.V. Neakrase, Danae Hornung, Nancy Chanover, Lyle Huber, Reta Beebe, Joni Johnson, Kathrine
Sweebe, Zena Stevenson. NASA Planetary Data System, Atmospheres Node, New Mexico State
University, Las Cruces, NM 88003. lneakras@nmsu.edu
Introduction. New requirements put forth for
data management from both research and
development data analysis programs and peerreviewed journals have increased the amount of
derived data being submitted to the NASA
Planetary Data System (PDS). PDS instituted a
new archiving standard, PDS4, which requires
users to become familiar with a new archiving
process based in eXtensible Markup Language
(XML). This new archiving standard was
designated for use for all missions launching
after November 2011, and this extended to new
derived products submitted to PDS after this
time. The Atmospheres Node (ATMOS) has
endeavored to streamline the data submission
process and promote familiarization of the new
archiving standard by developing a new online
PDS4 tool, ELSA. ELSA (Educational Labeling
System for Atmospheres) is designed to enhance
the interaction between ATMOS and data
providers by streamlining the creation and
editing of PDS4 label templates for building a
valid PDS4 bundle for eventual submission to
the archive.
PDS4 and Derived Data. The Atmospheres
Node utilizes pre-made basic PDS4 XML label
templates as starting points for common
atmospheres products. These can be divided into
two main groups: System Labels and Product
Labels. Contrary to PDS3, individual labels for
data products have little meaning without the
connections to the overarching PDS4 Bundle
structure. The PDS4 Bundle structure can be
roughly described as a dataset, although under
the PDS4 Standard the Bundle is often more
than a dataset as has been described in previous
iterations of the archive standards [1,2].
At the core of this new archiving system is
the internal referencing mechanism referred to
as the “logical_identifier”. Logical identifiers
(LIDs) utilize Uniform Resource Names (URNs)
to designate the location of the uniquely labeled
product within the PDS Central Registry. Under

the PDS4 Standard, all PDS-based products
consist of a 6-segment URN that uniquely
identifies the products. PDS4 requires this URN
in the format:
urn:nasa:pds:<bundle>:<collection>:<product>

ELSA. The primary focus of ELSA is the easy
manipulation of product label templates for
custom tailoring for data providers. It is intended
as a starting point for their Bundle creation and
ultimate submission of PDS4 compliant data. In
this way, ELSA is an educational tool for
learning the architecture of PDS4 archives while
the user works with the node to create their data
archive. ELSA is not an automated tool or
“black-box” for creating bundles for submission
to PDS, but rather, an aid, that automates parts
of the label template tailoring process.
ELSA’s ‘Build-A-Bundle’ tool begins by
querying the user for basic information about the
bundle they intend to submit. The goal of this
system is to create and identify all logical
identifiers that will be used throughout the
incoming bundle and begin to populate the
appropriate base templates for the data provider.
Logical identifiers (LIDs) come in two main
types across the bundle: (1) internal product
references referring to the items within this
bundle or other closely related bundles; (2)
context references for missions/instruments,
targets, or facilities/laboratories. ELSA helps
users by providing mechanisms for constructing
internal references and selecting appropriate
context references.
Once these references are constructed, they
are used to populate bundle, collection and data
product labels. The user is prompted to work on
their Document Collection first to create LIDs
for those products necessary for referencing in
subsequent collections and data products.
Currently ATMOS provides basic templates for
documents and data that need to be edited by
taking information from the bundle and
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collection products. ELSA can handle any premade templates by appropriate referencing, but
it currently only accommodates document file
labels and basic data product (ASCII and binary
tables, simple images/arrays, FITS) labels.
The top-down approach within the Build-ABundle tool stems from extensive work with
data providers over the past 4 years,
incorporating early PDS4 mission experience
from LADEE and MAVEN, PDS3 migration
efforts, and derived data products submitted to
the node over the last several years. In this way
ATMOS has been beta testing the process
through which the node interacts with providers
of derived data before the ELSA coding has
been completed, ensuring a viable methodology
for this streamlined approach.
Current Status. ELSA presently allows users to
input and create internal references. These
internal references are handled via a PHP/Java
Script framework on an ATMOS internal
website for development. Prototyping of the
interface to access the PDS Engineering Node
context reference catalog is underway. The
system successfully produces all the selected
collection files and populates the constructed
LID URNs for each. Currently the interface
allows text editing of the labels within a browser
window, and can be saved or downloaded as
partially completed templates. These templates
can be used offline for pipeline development, in
the case where many products must be produced
or the provider can opt to further work with the
templates outside of the ELSA environment in a
text editor of choice. ATMOS is internally beta
testing ELSA with several derived data
providers currently preparing archives by a
combination of ELSA-generated products and
hand-filled work.
Future Work and Conclusions. ATMOS hopes
that the data providers who will be starting their
submission process in 2018 will make extensive
use of ELSA for the development of their
archive products. ELSA is and will be an
interactive environment to facilitate
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communication between the node and the data
providers, by providing a mechanism for data
providers to understand the full scope of the
archiving responsibility required by their
funding programs.
Although ELSA is currently using a
PHP/Java Script framework to handle web form
creation and manipulation, ATMOS is
investigating moving some or all of this
development to Django (a high-level Python
web framework) to make use of previous Python
scripts from our migration code development.
ATMOS will continue to develop and expand
ELSA to handle more seamless integration of
the PDS4 Bundle-Collection-Product
architecture. Security upgrades at ATMOS will
allow ELSA to make use of a
username/password log-in system to enable data
providers to save progress on their various
projects and work on them over multiple online
sessions. Further integration of the product
labels needs to be implemented to complete the
bundle-building experience and allow the
seamless population of URN references across
the bundle. ATMOS also intends to tie this
Build-A-Bundle into a submission system that
links into our online review forms for further
streamlining of the peer review process.
Current testing and application of ELSA to
our incoming projects is already providing a
useful tool for the node to interact with our data
providers. Continued development will provide
increased efficiency in how ATMOS serves both
its data providers and end users by allowing
manageable, repeatable archiving of derived
data both through R&A programs and unfunded
projects.
References. [1] Planetary Data System
Standard Reference, V.1.7.0, (2016)
https://pds.nasa.gov/pds4/doc/sr/current/StdRef_
1.7.0_160929_clean.pdf; [2] Neakrase et al.,
(2016), Planetary Data System: Supporting
archiving of derived data, 47th LPSC Abstract
#2640.

3rd Planetary Data Workshop 2017 (LPI Contrib. No. 1986)

7067.pdf

GIS FACILITY AND SERVICES AT THE RONALD GREELEY CENTER FOR PLANETARY STUDIES.
D. M. Nelson1 and D. A. Williams1, 1School of Earth and Space Exploration, Arizona State University, Tempe, AZ
85287 (DavidMNelson@asu.edu).

Introduction: The NASA Regional Planetary
Information Facilities (RPIFs) have historically
provided images, literature, and education materials
pertaining to past and active planetary missions. At the
Ronald Greeley Center for Planetary Studies (RGCPS),
the RPIF of Arizona State University, we are in the
process of rendering our archive digitally so that our
data will be available on computers and the Internet. In
order to make the digital planetary image data usable
for research, we have established a Geographic
Information Systems (GIS) computer laboratory in our
facility. The current and future Data Managers of the
RGCPS will be responsible for maintaining the GIS
lab, instructing researchers on the use of GIS and
image processing software, and act as the resident
expert on how to use planetary data sets. Our goal of
establishing a GIS lab is to encourage the scientific
community to receive training and perform research
using planetary data at the RGCPS.
The RGCPS RPIF at ASU: Regional Planetary
Image Facilities were originally established in the
1970s to serve two primary functions: 1) to archive
photographs and literature from active and completed
planetary missions, and 2) to provide researchers and
the public access to the archive for scientific research,
future mission planning, and education/public outreach
[1]. There are currently 9 US and 7 international RPIFs
that continue to provide these services at the local and
regional level.
The RGCPS, originally the Space Photography
Laboratory, was founded by Professor Ronald Greeley
at Arizona State University (ASU) in 1977 as a branch
of the U.S. Geological Survey RPIF [2]. By 1982, the
facility at ASU became a full, independent RPIF, and
after the death of Dr. Greeley in 2011, the facility was
renamed the “Ronald Greeley Center for Planetary
Studies”. Since its inception, the RGCPS has been
utilized to aid and support planetary geology research
for faculty, staff, and students at ASU, as well as
visiting scientists.
The RGCPS GIS Lab: With the advent of high
resolution scanning devices and the Internet, the
images and literature originally exclusive to the RPIFs
have become increasingly available electronically for
download. As a result, fewer people utilize the RGCPS
for research—although support for education, public
outreach, and student access for classes continues.
Even so, there is still a strong need for experts to
instruct researchers in the use of planetary image data,

including the various image formats, and the software
needed to ingest and process the data.
All planetary image datasets are archived by NASA
through the Planetary Data System (PDS) and are
freely available to the public. However, the data are
not immediately readable by commonly accessible
image viewing software, such as Adobe Photoshop™.
In addition, most image data require a comprehensive
database of camera-pointing information (e.g., SPICE
kernels [3]) to process the images, to correct for
geometric distortion, and to balance photometry.
Furthermore, the software used for planetary mapping,
such as ArcGIS™ [4], is very expensive and can be
overwhelming to the new user. Although there are
cheaper software alternatives that can be used, such as
QGIS (a still-developing open-source, multi-platform
GIS) [5], and Adobe Illustrator™ (a non-GIS graphic
design software).
In 2014, we added our planetary GIS laboratory to
the RGCPS facility (Figure 1). The lab consists of five
dedicated dual-screen GIS workstations, each of which
has ArcGIS™ 10.3 [4] and JMars [6] installed. In
addition, the computers have access to a Linux server
for image processing with ISIS 3 (Integrated System
for Imagers and Spectrometers) [7] and VICAR (Video
Image Communication And Retrieval) [8]. Our goal is
to continue developing GIS projects for all terrestrial
planets, outer planet satellites, and the larger small
bodies.
To facilitate training, the RGCPS Data Manager
has produced seminar-style classes for planetary GIS.
These consist of two sessions that include an overview
of the basic software components of ArcGIS™,
understanding and integrating of image datasets into
ArcGIS™, creating and editing vector data files, and
correctly projecting disparate datasets to different
planetary bodies in order to make surface
measurements. More advanced seminars include using
the software to perform crater counting, to map out the
orientation of structural features, and to create
publishable geologic maps. Initially, these seminars
have been presented to students and researchers at
ASU, but will eventually be available to visiting
planetary scientists in the American Southwest.
By reinventing the RGCPS as a digital planetary
GIS laboratory, our goal is to facilitate planetary
research not only by providing image datasets, but also
providing the instruction for understanding and
processing of data from a variety of disparate planetary
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missions. In this way, we will bring the photographbased image archives into the digital age.

References:
[1] http://www.lpi.usra.edu/library/RPIF/
[2] http://rpif.asu.edu/index.php/about_rgcps/
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[3] ftp://naif.jpl.nasa.gov/pub/naif/toolkit_docs/C/
info/intrdctn.html
[4] http://www.esri.com
[5] http://www.qgis.org/en/site/
[6] http://jmars.asu.edu
[7] http://isis.astrogeology.usgs.gov
[8] http://www-mipl.jpl.nasa.gov/external/vicar.html

Figure 1. The Ronald Greeley Center for Planetary Studies, at Arizona State University, site of the planetary GIS
laboratory.
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HIGH-RESOLUTION GEOLOGIC MAPPING IN EASTERN CANDOR CHASMA: 2017 STATUS
REPORT. C. H. Okubo1, and T. A. Gaither2, 1US Geological Survey, 1541 E. University Blvd., Tucson, AZ 85721,
cokubo@usgs.gov, 2US Geological Survey, 2255 N. Gemini Dr., Flagstaff, AZ, 86001.
Introduction: This abstract summarizes current results and planned activities from an ongoing initiative to
construct a series of high-resolution structural and geologic maps in the east Candor Chasma region of Valles
Marineris, Mars.
The goal of this work is to advance current understanding of the coupled structural evolution of eastern
Candor Chasma and the sedimentary deposits within it
through a campaign of geologic unit and structural mapping at spatial resolutions that are at least an order of
magnitude finer than has been achieved by previous
studies in this part of Valles Marineris. This will be accomplished by characterizing the structure of the sedimentary deposits using digital elevation models
(DEMs) derived from publicly released, stereo image
pairs acquired by the High Resolution Imaging Science
Experiment (HiRISE) camera.
Work is progressing in two map areas on and adjacent to Nia Mensa (Fig. 1). Mapping is most mature in
the northern Nia Mensa map area, and an initial structural reconnaissance has been completed in southeastern
Nia Mensa.
Current results from the north Nia Mensa map:
Mapping in this area initially focused on two HiRISE
stereo pairs (ESP_014154_1730/ESP_014431_1730
and ESP_031916_1730/ESP_031982_1730), which
were used to create one merged digital elevation model
and to orthorectify the associated HiRISE images. This
initial map area encompasses the contact between the
massive sedimentary rocks that comprise most of Nia
Mensa and the stratified sedimentary and mass-wasting
deposits exposed between Nia Mensa and the northern
wall of eastern Candor Chasma (Figs. 1 & 2). The area

also contains a terraced fan-shaped landform that appears to superpose and post-date the sediments that constitute, Nia Mensa.
Early results in this map area [1] were intriguing.
Three geologic units were interpreted to have been affected by soft sediment deformation in the form of subsurface sediment mobilization (contorted bedding and
injectites). Additionally, a trough network in the northern part of the map area was interpreted to be the vent
area for erupted mobilized sediments (mud flows). Further, the structure of the fan-shaped landform indicated
a constructional origin for the fan shape rather than alternate erosional origins; that is, this landform is a depositional fan instead of being a remnant of an originally
more extensive deposit that was pervasively eroded after deposition.
An important scientific obstacle encountered during
mapping was that evidence supporting key interpretations of the area’s geologic history is not contained
within the initial map area. Most notably, this includes
evidence in support of the idea that the trough network
in the northern part of the map area formed due to subsurface sediment mobilization, as well as facies that
could be used to distinguish between a subaerial and
submarine origin for the depositional fan in the southwest part of the map area. Fortunately, additional regions of the trough network and depositional fan are
covered by existing HiRISE stereo images, and these
data were used to expand the initial map area.
Using
two
HiRISE
stereo
pairs
(ESP_044773_1735/ESP_045406_1735
and
ESP_034685_1730/ ESP_034751_1730), two separate
DTMs were constructed following the methodology of
[2] and added to the mapping project (Fig. 2). Subsequently, mapping was
undertaken and completed within the new
DTM over the trough network, and mapping is
Figure 1. Location map
of the northern and southeastern Nia Mensa map
areas in eastern Candor
Chasma. Image base is
MOLA colorized elevation
merged
with
THEMIS day IR.
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about to begin within the DTM of the depositional fan.
Mapping within the region of the trough network
yields results that further support and help refine findings made in the initial map area. Interpreted mud flows
are found to be extensive, forming smooth top surfaces
of the mesas between the troughs (brown-colored unit
in Fig. 2). This mud flow unit is thickest along the
trough (at the edges of the mesas) and tapers away from
the trough, terminating in lobate contacts with underlying units. The lobate termini of the mud flows extend
into topographic lows within the topography of the underlying units. Further, the topography of underlying
units can be traced ‘under’ the mud flows and in some
areas, topographic highs comprising the underlying unit
is exposed as kīpuka surrounded by the mud flow unit.
These findings strongly support the interpreted mud
flow origin for this unit.
Mapping around the trough network has also revealed an additional unit affected by soft sediment deformation. This new unit has a striated, or ridged, texture. The ridges are generally subparallel, and are either
linear, curved or (rarely) sinuous. In some outcrops,
these ridges converge, forming v-shaped patterns in
map view. The striated unit underlies a unit affected by
contorted bedding, and the contact between the two is
broadly-undulating at the 100-m scale. Based on these
observations, this striated unit is interpreted as tightlyfolded stratified material in which the folding occurred
contemporaneous with other soft-sediment deformation
features in the map area.
Figure 2. Thumbnail
view of the northern
Nia Mensa map area.
Footprints of newlyincorporated DTMs
are shown in red. Individual DTMs are
~6 km in width. Description of map
units given in the column to the right; provisional unit names
in bold, description
in plain text, and interpretation in italics.

7055.pdf

In summary, soft-sediment deformation is found to
have been an important process within this region of
eastern Candor Chasma. The occurrence of soft-sediment deformation indicates that the local sediments
were poorly indurated and water saturated at the time of
deformation. However, a trigger for this deformation
has not yet been identified. Work will now concentrate
on mapping the depositional fan and then focus on reconstructing the geologic history of the map area.
Current results from the southeast Nia Mensa
map: An initial structural reconnaissance has been
completed for both DTMs in this map area. This effort
involved measuring layer orientations using Layer
Tools [4] and tracing unconformities. Work will now
focus on identifying the regional structural trends and
delineating preliminary geologic units.
References: [1] Okubo C. H. (2016) 2016 Planet.
Geol. Map. Mtg, unnumbered. [2] Kirk R. L. et al.
(2008) JGR 113, E00A24. [3] Huuse, M. et al. (2010)
Basin Res. 22, 342–360. [4] Kneissl, T. et al. (2010) LPS
XXXXI, Abstract #1640.
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GEOLOGIC MAP OF THE BOREALIS QUADRANGLE (H-1) ON MERCURY: 2017 STATUS REPORT.
L.R. Ostrach1, S.C. Mest2, L.M. Prockter3, N.E. Petro4, and P.K. Byrne5, 1USGS Astrogeology Science Center, Flagstaff, AZ, 2Planetary Science Institute, Tucson, AZ, 3Lunar and Planetary Institute, Houston, TX, 4NASA Goddard
Space Flight Center, Greenbelt, MD, 5North Carolina State University, Raleigh, NC. (lostrach@usgs.gov)

Introduction: With MESSENGER observations of
the Borealis Quadrangle [H-1], we are drafting a new
geologic map at 1:5M map scale. Mapping at this scale
allows for direct comparisons with the original USGS
geologic maps for Mercury [1], enabling assessment of
similarities and differences between the mapped geologic unit boundaries, unit descriptions and observations, and the derived regional chronostratigraphy. Furthermore, our mapping is leveraging the 1:15M-scale
global geologic map [2-4; selected for PDART16 funding]. The global map provides context for mapping in
the H-1 quadrangle as well as serves as one of several
bases for geologic unit and feature definition. Importantly, the new H-1 map will be the first USGS Scientific Investigations Map (SIM) published for a geologic quadrangle map prepared with MESSENGER
data, providing an opportunity to establish basic standards and practices for quadrangle mapping of Mercury
in conjunction with the global map now being prepared
for USGS publication.
Mapping Effort: Three general tasks were defined, informed by past experience producing and publishing geologic maps with the USGS and mapping
other regions of Mercury’s surface and conducting
crater analyses. Map production (Task 1; Year 1) will
result in a geologic map of the H-1 quadrangle from
MESSENGER datasets compiled in a GIS database.
Age determination (Task 2; Year 2) will assign relative
ages to mapped units from observed stratigraphic relationships and measures of areal crater density to place
the mapped units in the new chronostratigraphic system
for Mercury [5, 6] and develop a geologic history for H1. When possible, absolute model ages will be derived
from those crater measurements. Map publication (Task
3; Year 3) encompasses map submission, revision, and
publication.
Mapping Data: Several MESSENGER datasets
are used during our mapping investigation.
Image base: The Mercury Dual Imaging System
(MDIS) monochrome mosaic is comprised of Narrow
Angle Camera (NAC) and Wide Angle Camera (WAC)
images at 250 meters per pixel. This mosaic includes
images with low emission angles and moderate- to highincidence angles favorable for emphasizing morphology and topography, which are beneficial for cartographic purposes. Global monochrome high-incidence
angle illumination mosaics are assembled from images
acquired at high solar incidence angles (average >70°)

with an illumination direction from the east or the west.
High-incidence angle mosaics will be used for reference
as needed during mapping to enhance morphological
details of surface features [Fig. 1]. “Smooth plains”
have a distinct color from the surrounding terrain [Fig.
2], making the MDIS color mosaic useful as a reference
tool for drawing and refining smooth plains boundaries
during geologic mapping.
Topography: The Mercury Laser Altimeter (MLA)
Digital Elevation Model (DEM) is a gridded data product extending from 55°N to the pole at 500 meters per
pixel [Fig. 3]. The MDIS DEM [7] is a global product
derived from MDIS images and sampled to 665 meters
per pixel. Both products will be used as needed to aid in
identification and mapping of physiographic landforms
and geologic units.
Compositional data: Traditionally, geologic maps
do not incorporate geochemical data; however, unique
compositional observations within H-1 indicate that geochemical terranes and geomorphological units are not
consistently correlated [e.g., 8]. Measurements from the
Mercury Atmospheric and Surface Composition Spectrometer (MASCS), X-Ray Spectrometer (XRS), and
Gamma Ray Spectrometer (GRS) will therefore be used
for reference rather than for the bulk of our mapping effort, and key differences between identified geochemical terranes and our geologic units will be noted.
Mapping Strategy: This year (Year 1), we are focused on creating a draft of the geologic map including
units and features. Our mapping strategy thus far has
started with identifying and mapping prominent physiographic landforms, including impact craters, ridges,
scarps, and other lineations, etc. We are also identifying
the contacts and boundaries between markedly different
geologic units (e.g., crater ejecta, those units initially
described as “heavily cratered terrain” and “smooth
plains” [Fig. 3], etc.), although we are in the process of
developing geologic unit definitions. We have compiled
and begun to consider geologic unit definitions from
previous and ongoing mapping efforts, including those
from the original H-1 quadrangle map [9], the current
global map [2-4], and other quadrangles mapped as part
of BepiColombo planning activities [e.g., 10, 11]. Although the geologic units we define and use will be ultimately based on our mapping and interpretations of H1, we currently place particular emphasis on those defined (and being revised) for the global geologic map
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[2-4]; the global mapping effort is the most comprehensive to date in considering geologic units from a perspective larger than that of a single quadrangle.
Summary: The new H-1 map will be the first published USGS SIM geologic quadrangle map produced
with MESSENGER data. Creation of the H-1 quadrangle map at 1:5M scale will provide a comprehensive,
detailed view of the north polar region of Mercury, a key
portion of Mercury’s surface. This map, in conjunction
with the 1:15M-scale global map, will provide critical
context for planet-scale investigations such as the global
distribution of smooth plains and their ages [e.g., 12]
and the history of tectonic activity on Mercury [e.g., 13].
The H-1 quad map will also facilitate more region-specific investigations, including tectonic deformation in
the northern smooth plains [e.g., 14], emplacement and
resurfacing history of the northern smooth plains [15],
and the geological context of radar-reflective deposits
[e.g., 16, 17]). Importantly, this map will also mark the
first quadrangle mapping effort on Mercury that conforms to USGS geologic mapping standards.
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Fig. 1. Here, the
high-incidence angle
mosaic reveals portions of shadowed
crater
interiors
(78.8°N, 169.8°E),
enabling complete
and detailed mapping.

References: [1] Holt, H.E. (1977) BAAS 9, 456. [2]
Prockter, L.M. et al. (2016) LPS 47, Abst. 1245. [3] Kinczyk,
M.J. et al. (2016) PGMM, Abst. 7027. [4] Kinczyk, M.J. et al.
(2017), this volume. [5] Banks, M.E. et al. (2016) LPS 47,
Abst. 2943. [6] Ernst, C.M. et al. (2017) LPS 48, Abst. 2934.
[7] Becker K.J. et al. (2016) LPS 47, Abst. 2959.[8]
Peplowski, P.N., Gleyzer, S.V. (2017) LPS 48, Abst. 1592. [9]
Grolier, M.J., Boyce, J.M. (1984) Map I-1660, Misc. Investigations Ser., USGS. [10] Galluzzi, V. et al. (2016) J. Maps 12,
227-238. [11] Rothery, D.A. et al. (2017) LPS 48, Abst. 1406.
[12] Byrne, P.K. et al. (2016) GRL 43, 7408-7416. [13] Byrne,
P.K. et al. (2014) Nat. Geosci., 7, 301–307. [14] Klimczak, C.
et al. (2012) JGR 117, E00L03. [15] Ostrach, L.R. et al. (2015)
Icarus 250, 602–622. [16] Chabot, N.L. et al. (2013) JGR
Planets 118, 26–36. [17] Chabot, N.L. et al. (2014) Geology
42, 1051–1054.

Fig. 3. MLA DEM over MDIS monochrome mosaic.
Stieglitz crater is 100 km in diameter.

Fig. 2. The boundary between “heavily craterd terrain”
and “smooth plains” (white lines) is revealed in the WAC
principal component (PC) and ratio composite (PC2 in
red, PC1 in green, and the 430/1000 nm in blue). “Smooth
plains” have a reddish-orange color; the color boundary
will serve as a reference during mapping. Black regions
are gores in coverage. Figure from [15].
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Interactive Machine Learning for Discovering Patterns in Spectral Data and Images. D. A. Oyen1 and N. L.
Lanza1, 1Los Alamos National Laboratory, Los Alamos, NM 87545, doyen@lanl.gov.
Introduction: Data analysis methods like machine
learning are advancing the ability to process large
amounts of data quickly, even for data sets that do not
fit standard statistical models. While interesting science questions cannot be answered completely through
automated data processing, machine learning can improve the science return of remote sensors by increasing the speed at which scientists explore answers to
their questions. Interactive machine learning balances
the strengths of machine learning to perform repetitive
pattern recognition tasks, while empowering scientists
to explore interesting patterns in large sets of data [1].
Spectrometers are increasingly used in remote
sensing, yet spectral data can be difficult to analyze
due to its high-dimensionality and non-linear mapping
to interpretable quantities. As part of the Mars Science
Laboratory rover operations, ChemCam’s LaserInduced Breakdown Spectroscopy (LIBS) instrument
collects fine-scale atomic spectra from targets up to 7m
away [2]. Given the high number of ChemCam observations to date (>300,000) and the high dimensionality
of LIBS spectra (~6000 channels), advanced analysis
methods are needed. We are developing an interactive
machine learning algorithm for discovering surface
compositional features on rocks [3] in ChemCam targets. Using the insight that the precision of element
abundance is more reliable than accuracy [4], we bypass the quantification of elements, and look directly
for patterns of chemical gradients [5, 6]. By starting
with a summary of depth trends, a variety of patterns
can be discovered before narrowing in on a specific
signature through interactive machine learning.
Machine Learning: In mathematical terms, machine learning is a form of function approximation.
Given data 𝑋, with label 𝑌, the goal is to find a function 𝑓 such that 𝑌   =   𝑓(𝑋, 𝜃). 𝑋 can be a vector, a
spatial image, a timeseries, a spectral response, or it
can contain even more complex structure. 𝑌 is typically a categorical value, but could be a scalar, vector or
even a structured output. The functional form of 𝑓 is
typically fixed, such as a support vector machine or

Spectra&from&30&LIBS&shots&
Bell&Island,&Loca3on&1,&Sol&113&

neural network. The machine learning algorithm finds
the optimal values of the parameters, 𝜃, of the function
𝑓 to make 𝑌   =   𝑓(𝑋, 𝜃). Interactive machine learning
allows a person to modify 𝑋, 𝑌 or adjust constraints on
𝜃 and quickly get updated machine learning results.
When machine learning is used for pattern discovery, we have data 𝑋 but do not have labels 𝑌. Therefore, unsupervised machine learning takes the form of
probability density estimation, such that 𝑋  ~  𝑃(𝜃), for
a fixed distribution family 𝑃 and learned parameters 𝜃.
The structure of the probability distribution is typically
the most interesting aspect because it reveals interesting patterns about the data. Some examples include
clustering which assumes that 𝑃 is a distribution with
multiple modes (or centers of clusters); and probabilistic graphical models which assume that 𝑃 is a multivariety joint distribution that can be factored compactly indicating direct dependencies.
Gaussian Graphical Models: Probabilistic graphical models [7], and specifically, Gaussian graphical
models (GGM) [8], are unsupervised learning models
that assume that each data sample 𝑋   =    (𝑥! , 𝑥! , … , 𝑥! )
is a 𝑝-dimensional vector generated by a multivariate
joint distribution. Furthermore, the probability distribution can be factored into a compact representation with
just a few direct dependencies. The compact representation assumption is a statistical necessity for the robust estimation of a high-dimensional distribution from
finite data; and it reveals interesting structure about the
dependencies among variables. Graphical models are
used extensively in fields such as biology to identify
gene interaction networks and neuroscience to infer
functional pathways of neural activity.
To analyze the depth trend of a rock target at a location, we estimate partial correlations among spectra
using the GGM algorithm. A partial correlation between shot A and shot B is the residual correlation
after accounting for all other shots. Thus, a partial correlation is an estimate of a direct dependency. If the
partial correlation between A and B is 0 then A and B
are conditionally independent. A GGM is estimated
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Figure 1 Interactive
machine learning
takes spectral data
from a several LIBS
shots (left) and learns a
GGM (right) indicating geochemical trends
in ChemCam targets.
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from a data matrix X, where each column Xj is a shot j
with spectral values Xij for i in {1, …, n} wavelengths.
The sample covariance matrix, Σ, is calculated from
X, then the best sparse approximation, Θ, to the partial
correlation matrix for a given sparsity constraint, λ, is
estimated. The number of non-zero partial correlations
is controlled by the value of λ, which can be any nonnegative real number.
The resulting GGM is displayed using a spring layout that places strongly correlated nodes near each
other as if the correlation weights are springs pulling
nodes together in space. If there are no systematic
trends, then the non-zero partial correlations will appear on seemingly random pairs of shots, and the displayed GGM will look like an amorphous blob (or
hairball in graph theory terminology). More visually
interesting patterns emerge when there are interesting
depth trends, such as a chain for systematic decrease/increase in elements, or clusters for sudden
change in chemistry (such as a layer). This automated
method identifies compositional depth trends associated with varnish and weathering rinds on laboratory
samples [5]; and dust layers and thin sulfate veins on
Mars targets [6].
Interactive Gaussian Graphical Models: The
GGM gives a quick visual summary of geochemical
trends, but to answer specific science questions, we
need additional information and control over the machine learning algorithm. We developed an interactive
approach to learning a GGM which provides information about which wavelengths or elements that are
changing in a depth trend. A scientist can select which
wavelengths or elements to include in the analysis
which modifies the input data 𝑋 and updates the
learned GGM model [9]. Part of the user interface is
shown in Figure 1.
Without the interaction, we can see in the Figure 1
GGM that there is a surface layer on the ChemCam
target. In this case, it is a dust layer which we verified
by looking at the decrease in abundance of elements
associated with martian dust (e.g., Mg [10]) and the
increase in abundance with S and Ca. Similar GGM
structures are learned from LIBS data on terrestrial lab
samples of rocks with rock varnish and weathering
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rinds [6]. The specific information about elemental
abundance provided by the interactive GGM learning
is needed to distinguish between these types of geochemical gradient observations that are produced by
very different geological features.
Future of Interactive Machine Learning: Our
goal is to help scientists transform data into knowledge
by observing how scientists transform data into
knowledge. When there are tedious, repetitive steps in
the process, then there are opportunities for machine
learning to automate the tedium. The interactive machine learning approach opens up new opportunities
along two fronts. First, because fully-automated methods are rarely accurate enough for scientific inquiry,
interaction allows scientists to fix or fine-tune results
that are close but not quite right. Second, by logging
user interactions, the machine learning algorithms can
improve.
One compelling example of interactive machine
learning that we have not yet applied to planetary data,
is the segmentation of microscopy images, as shown in
Figure 2. The goal is to quantify the size and shape of
hundreds of particles in images for quantitative analysis [11]. While it is easy to see the particles, it is tedious for people to draw precise outlines of each particle.
Automated image segmentation can find edges precisely, but makes many mistakes in identifying particle
boundaries. Our interactive approach starts with the
imperfect automated image segmentation, allows the
scientist to fix the segmentation mistakes, and logs the
entire process. We are developing machine learning
algorithms that take the user interactions logs as input
data to improve the overall image segmentation.
References: [1] Porter et al. (2013) Comp. in Sci. & Eng.
[2] Wiens et al. (2012) Space Sci. Rev., 170. [3] Lanza et
al. (2015). Icarus. [4] Blaney et al. (2014), JGR, 119,
2109-2131. [5] Oyen and Lanza. (2015). LPSC abstract
2940 [6] Oyen and Lanza. (2017). LPSC abstract 1479.
[7] Koller and Friedman. (2009). Probabilistic Graphical
Models. [8] Zhao T. et al (2012) J. Machine Learning
Research. [9] Oyen et al (2016) Intl. Conf. Artificial Intelligence. [10] Lasue et al. (2014). LPSC, abstract 1224.
[11] Porter et al. (2015) Intl. Symp. Math. Morphology.
Figure 2 Interactive image segmentation begins
with auto segmentation (left), user
interaction (middle), and ends
with the corrected
segmentation
(right). Interaction improves the
segmentation
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NASA PDS IMG: Accessing Your Planetary Image Data. J. Padams1, K. Grimes1, G. Hollins1, S. Lavoie1, and A.
Stanboli1, 1Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA. (Jordan.H.Padams@jpl.nasa.gov)
Introduction: The Cartography and Imaging Sciences Node (IMG) of the NASA Planetary Data System
(PDS) is the home to over 700 TB of digital image archives, making it one of the richest data repositories for
planetary imagery in the world. Within these archives
the data comes in many varieties, whether it’s orbital
versus landed missions, original raw experiment data
versus derived products, differing coordinate systems,
etc. Tools and services are needed to integrate these data
so information can be correlated across missions, instruments, and data sets.
IMG has developed several tools and services to
support both the wide variety of available data and the
ease of access to the data both interactively, through a
web browser, and programmatically through web services. From the scientist analyzing a particular crater on
Mars by zooming in on a HiRISE image, to the software
developer trying to build a tool to parse the metadata for
all Mars Science Laboratory Hazard Camera images.
The wide range of use cases provides us with a unique
problem of providing interface usability for searching
data, but also transparency into our backend service for
software access. Leveraging partnerships with the Multimission Ground System and Service (MGSS) Office,
Machine Learning and Instrument Autonomy Group
(MLIA), and Multimission Image Processing Lab
(MIPL) at the Jet Propulsion Laboratory (JPL) and the
the expertise in planetary science, cartography, geodesy,
photogrammetry and science software development at
USGS Astrogeology Science Center, IMG continues to
push towards new tools and services that bring the data
to the people and support significant scientific discovery. For example, data archived and supported by IMG
have been used to discover water on the “bone dry”
Moon (Moon Mineralogy Mapper data; [1]), recent geologic activity related to CO2 frost in martian gullies
(High Resolution Imaging Science Experiment data or
HiRISE; [2]), recent impacts on the Moon and Mars
(Lunar Reconnaisance Orbiter Cameras or LROC; [3];
HiRISE; [4]), and recent lunar volcanism (LROC; [5]).
Atlas Web Interface: The Planetary Image Atlas
(https://pds-imaging.jpl.nasa.gov/search/) provides access to the entire collection of IMG data through links
to online holdings and data node catalogs [6]. The PDS
Imaging Node Atlas utilizes faceted navigation, an interactive style of browsing datasets that allows users to
filter a set of items by progressively selecting from only
valid values of a faceted classification system. In the Atlas, facets are defined by the most commonly used
search criteria for imaging datasets including but not

limited to: mission name, instrument name, target, product type, lighting geometry meta-data (emission angle,
incidence angle, phase angle), lat/lon meta-data, time
constraints, etc. In addition to the faceted approach, the
Atlas builds on the features of the previous Atlas including a map interface for the Saturnian moons, Earth's
moon and Mars. The Atlas also incorporates the use of
the MGSS webification backend that makes use of the
image transformation software developed by MGSS
(MIPL) through JavaS
cript widgets [7].
A recent, powerful enhancement to the Atlas is the
ability to search for images based on the “content” in the
image (i.e. crater, moon, rings). In order to detect content in the images, we developed software that leverages
deep convolutional neural networks (CNN). “CNNs organize image content in increasingly complex representations starting at the pixel level up to entire objects,
such as rings, craters, moons, and so on. Lower-level
information, such as edges, corners, etc., are common to
all content. The specifics of how the low-level information gets combined into high level representations is
unique to the domain and requires training of the network with target content and associated labels.” [8] Users can leverage this image content search to investigate
particular craters on mars or study the wheel wear on the
Mars Science Laboratory Curiosity rover [9].
Another recent enhancement of the Atlas is an improved Google-like search thats allows users the flexibility of simple search syntax with a refined result set,
like ‘mars crater’ or ‘cassini moon’. Users can then further narrow their search using the faceting features or
additional text searches.
All the search capabilities of the Atlas, both new and
old, help users across the globe find and download
nearly 15 TB of data each month.
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Atlas Search Service: The Atlas Web Interface displays query results returned from the Atlas Search Service
(https://pds-imaging.jpl.nasa.gov/solr/pds_archives/search), a web service extending Apache Solr
[10]. Harnessing the power of Solr, this web service provides fast search, JavaScript Object Notation (JSON)
and eXtensible Markup Language (XML) return types
for software parsing, and a refined query syntax for
complicated searches. In addition, the PDS IMG Search
Protocol was developed to provide simplified query access to the data through a REST-like API, as well as
provide a means for integrated search across the PDS.
As an extension of the PDS Engineering Node (PDS
EN) Search Protocol [11], it heavily leverages the query
parser syntax from Apache Lucene [12] as well as certain characteristics from the Planetary Data Access Protocol (PDAP) [11] developed by the International Planetary Data Alliance (IPDA). The protocol is intended for
finding large sets of data, for example, searching by instrument, instrument-host, instrument-type, start-time,
stop-time, etc. The PDS IMG Search Protocol
(https://pds-imaging.jpl.nasa.gov/search/protocol) extends this by providing search against more imaging
product-specific metadata, such as product-type, filter,
image-content, orbit, planet-day, etc.
Webification (w10n): Webification (W10N)
(https://pds-imaging.jpl.nasa.gov/tools/w10n/) is a
specification that defines a common way to expose resources (composite files, databases, command-line applications, etc.) on the web.
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The core idea is to make the inner components of
resources directly addressable and accessible via welldefined and semantically meaningful URLs. The MGSS
Web Resources Platform (WRP) provides a set of tools
that leverage this specification to provide access to data
and applications (services) through ReSTful URLs [13].
PDS IMG uses the Juneberry component of WRP to allow simple programmatic access to the data archive
(https://pds-imaging.jpl.nasa.gov/w10n/), and Servicification (Serv10n) for access to backend services. This
service is central to the server-side functionality for several IMG services, including the Planetary Image Atlas,
PDS Marsviewer, and Landmarks Web Services.
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University/Applied Physics Laboratory, Laurel, MD (Wes.Patterson@jhuapl.edu), 2Department of Physics and
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Carolina State University, Raleigh, NC 27695, 4Planetary Science Institute, Tucson, AZ, 5Jet Propulsion Laboratory,
California Institute of Technology, Pasadena, CA, 5U. S. Geological Survey, Astrogeology Science Center, Flagstaff
AZ.
Introduction: The unusual geology of the
Saturnian moon Enceladus was first recognized in
images of the satellite returned by the Voyager
spacecraft during their encounters with Saturn [1].
Those images revealed a surface with evidence of
tectonic activity and episodic partial resurfacing [2]
suggesting a geologic history that was remarkably
complex for a moon with a mean radius of ~250 km.
The Cassini mission to Saturn has provided a wealth
of additional information regarding the diverse
geology of Enceladus. Most notable has been the
detection of an active plume containing water vapor,
dust, and other materials erupting from fractures near
its south pole [3, 4]. The fractures, along with the
terrain that surround them, are bound by a
circumpolar chain of south-facing scarps and
confined mountain chains that together define a
geologic province referred to as the South Polar
Terrain (SPT) [3]. Analyses of this region have
revolutionized our understanding of the evolution of
icy satellite surfaces [e.g., 4-8]. However, Enceladus’
SPT tells only the most recent part of the story of this
unique icy body. The rest of the story is buried in and,
to some extent, obscured by: 1) the complex
geological relationships between the SPT and other
recognized geologic provinces on Enceladus, 2) the
distribution and density of observed craters on the
surface, and 3) the distribution, orientations, and
cross-cutting relationships of tectonic features across
the surface of Enceladus.
Distinct geologic provinces on the leading and
trailing hemispheres of Enceladus that share
characteristics with the SPT have been recognized [cf.
9, 10]. Analyses of these provinces, and their
relationship to each other, have provided insight into
the thermal evolution of the satellite [11, 12], the
potential for reorientation of its spin-pole axis [5, 6],
and the potential for variability in the rheological and
mechanical properties of its icy shell [7, 13]. The
conclusions drawn from these analyses each provide
a piece to the puzzle that represents the geologic
history of Enceladus’ surface. Understanding that
history requires integrating these insights (and others)
into a self-consistent picture of the surface evolution
of this unusual moon. The most fundamental means
of doing so is through geologic mapping.

Current Progress: The creation of a global
geologic map requires a global image basemap,
constructed with as robust a control network as
possible. A global control network that includes 577
Cassini ISS images with a resolution better than 500
m/pixel and phase angle < 120o has been produced
for this mapping effort. It includes image data in four
filters: UV3 at 338 nm, green at 569 nm, clear at 651
nm, and IR3 at 930 nm. Tie points (control points)
are distributed with sufficient density to ensure
complete coverage across each image. Each tie-point
ties together multiple images (i.e., “measures”),
resulting in a combined network that consists of
10,362 tie points and 131,142 individual measures.
Ninety percent of the tie points in the basemap have
more than two measures (the minimum), and eighty
percent have at least four. The average tie point has
∼12 measures - a substantial increase over previous
networks [e.g., 14]. The basemap now also includes
high-quality images of Enceladus’ north pole from
the fall of 2015 and 2016, permitting truly global
mapping of the satellite.
A global basemap that has a consistent image
resolution, and that is geometrically constrained,
provides an ideal dataset for compiling crater
statistics of Enceladus. We have counted craters
across the surface of the icy satellite down to
diameters < 1 km and have used that data to create
areal crater density maps using N(D) measurements,
where D is crater diameter [15] (similar to a previous
crater density study) [16]. As with that study, we
observe a dearth of large craters near the equator,
with the number of craters increasing at progressively
higher latitudes. This observation was noted in areal
density maps where D ≥ 2 km. A previously
proposed explanation for this observation suggested a
combination of burial and viscous relaxation of
craters at these diameters [16]. However, these
processes do not fully address the latitudinal
dependence that we find of the crater size-frequency
distributions of large craters. Our observations also
revealed that an equatorial absence of craters is not
present on the anti-Saturnian hemisphere where D <
2 km. Further investigation will be necessary to
explain this observation.
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Previous work mapping the global geology of
Ganymede has also shown that a global basemap that
has a consistent image resolution, and that is
geometrically constrained, is crucial for accurate
structural mapping of the satellite surface [17, 18].
Current progress on the structural mapping of the
surface of Enceladus has now includes the ancient
cratered terrains and portions of the northern leading
and trailing hemisperes.
The ancient cratered terrain of Enceladus
stretches from the sub-Saturn hemisphere, over the
north pole, to the anti-Saturn hemisphere. At least
three generations of tectonic features cross-cut the
ancient terrain. The most recent are open fractures
and parallel, linear chains of pits that appear to be
associated with deformation of the south polar
terrain. The next oldest are apparent normal faults
and graben-like structures that are perhaps associated
with deformation of terrain in the leading and trailing
hemispheres. The oldest tectonic features are
subdued, widely-spaced ridges and troughs of
unknown origin. Current mapping efforts are
finalizing the locations and distribution of these
features.
Structural mapping of the northern leading and
trailing hemispheres has revealed a complex network
of young ridges and fractures. On the trailing
hemisphere, a series of dorsa, long (~50 km) and
linear ridges, have been identified. Features similar to
these are not found elsewhere on the satellite. Ridges
of the leading hemisphere are similarly long (>50
km) but appear in a more inosculating pattern.
Several groups have been identified based on ridges
with similar orientations. Numerous fractures
extending from the boundary of the SPT are found
through both of these terrains [19].
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Introduction: Many electro-mechanical systems
past, present, future, on-earth, on-orbit and on other planets/moons are and will be designed for longevity and with
sufficient diagnostic capabilities to assure safety. Here we
present technology used at NASA Goddard Space Flight
Center (GSFC) Planetary Environments Lab that provides
comprehensive trending data allowing for instrument and
subsystem health measurements during daily operations.
Details: Testing, design and operation of two GSFC
instruments are explained; 1) the Sample Analysis at Mars
(SAM) instrument suite [1], on-board the NASA Mars Science Laboratory, Curiosity Rover launched November 2011,
landed August 2012 and currently in the 5th year of surface
operations on Mars and 2) the Mars Organic Molecular Analyzer Mass Spectrometer (MOMA-MS) [2] on-board the
ESA ExoMars Rover to be launched in 2020. Mission history
coupled with trends of housekeeping data over the past few
years will provide on-going developments and ideas for future space mission health checks and diagnostics. Many future flight systems provide life-sustaining equipment for
manned-missions; therefore, proper design and health diagnostics are critical in their design and operational features.
Markers: The flight software and scripts for SAM and
MOMA-MS were purposely designed with the ability to
uniquely mark data based on context. This is a key point
because post processing of data for trending of system health
was incorporated early in flight software development. This
system of markers would not be available without this unusual brand of flight software.
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Figure 1 - Health of Flight SAM Valve #2 as Shown by Capacitor Re-Charge Voltage (Housekeeping

Figure 1. Trending of SAMChannel
valve# 210)
#2 health as shown by capacitor re-charge voltage (housekeeping channel #210) during marker #102 for all SAM health checks on Mars

The mark in telemetry identifies a very particular state
of the instrument and therefore health checks can be tailored
to quickly examine that state. The importance of using this
feature for future missions is that it allows problems during
component tests, pre- and post-launch integration, testing and
operations to be captured quickly and easily and corrected
before they propogate to significant system anomalies.

Trending: Figure 1 shows a simple example of trending SAM housekeeping values to evaluate the health of a
subsystem. Here we look at valve operation (SAM Valve #2,
V2) during one stage of monthly baseline tests. The valve
operates using a solenoid which is pulsed to measure health
of the circuit without changing the valve’s open/closed state.
The SAM script introduces marker #102, which occurs
before the capacitor re-charge voltage following V2 opening.
This type of trending using unique markers after downlink of
monthly health-checks can quickly show the continued
health of subsystems such as shown for SAM V2.
Software Tools: The software tools that use the
markers, analyze and plot the housekeeping data are referred
to as Igor Pro 7, Python and XINA. Figure 1 was created
using XINA, a tool developed at NASA/GSFC, that provides
web-based access to data for SAM, MOMA-MS and four
other missions. XINA is also used to keep track of the
consumables such as pump operating hours.

Figure 2. Excerpt from SAM flight health-check showing last 17
checks (of total 1225 checks)

Python: To assess instrument health, the Python software toolkit, consisting of a collection of scripts written in
Python, quickly examines baseline tests and identifies voltages, currents, temperatures, RF frequency, pressures, etc.
that are off nominal. As shown later, other tools can correct
for temperature effects to detect off nominal values even at
environmental test extremes. Figure 2 is a sample of a SAM
health-check report provided by the Python toolkit showing
the last 17 checks during the last marker. All these tests show
nominal operation. MOMA-MS has a similar report for baseline health-check tests.
XINA: Another example for the XINA tool is shown in
Figure 3. Voltage monitors, for instance the +5V Digital
(housekeeping channel #001) for MOMA-MS, can be used to
provide diagnostic trends. And again the measured voltage
can vary with environmental temperature. The XINA plot of
recorded voltages at marker #50 (2-minute quiescent steadystate early during the health check) shows all values are within expected upper and lower values except the two cold environmental tests.
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Figure 3. Measured 5V digital voltage for MOMA-MS during
quiescent steady-state of flight baseline test including cold environmental testing

Temperature Compensation: Proper operation of
the 60 heaters on flight SAM and the 23 heaters on flight
MOMA-MS are also checked during the baseline test.
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test. The consumables include; usage of analytical sample
cups, pump operating hours, filament and electron multiplier
on-time, Helium usage, laser shots, valve cycles, etc. Some
metrics are logged with percent life, for instance, in Figure 5
MOMA-MS wide-range pump (WRP) usage is at 59%, 206
hours used of a total 350 hour life. A similar page for SAM
also shows oxygen, calibration-gas usage and thermoelectric
cooler (TEC) percent of total life cycles used.
Igor Pro 7 and Add-ons: And finally, a trend of mass
spectrometer science data produced using the post-processing
software called Igor Pro 7 (developed by WaveMetrics) is
shown below. The SAGE/MAGE/GATES add-ons to Igor
Pro 7 were developed at GSFC [3]. The plot in Figure 6
shows mass/charge ratio 147 (m147) at a marker created to
examine science data when the WRP is pumping on an otherwise sealed quadropole mass spectrometer (QMS). Particles or other compounds measured by mass spectrometers
can be quickly trended using these tools and add-ons.
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Figure 4 shows activation current when 2 volts are applied to the heater element of the SAM Getter circuit – notice
the deviations due to environmental temperature. After temperature correction the current shows a small, steady, decreasing trend over 4.5 years due to negligible degradation.
The trends provided by using these tools are essential to detect changes in system and subsystem performance that need
to be investigated and corrected such as heaters that may
need to be repaired or replaced before launch.
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Figure 6. Igor Pro 7 plot showing mass ratio 147 data for all
SAM testbed runs versus date

Conclusions: NASA/GSFC is successfully using a systems of markers and post-processing tools to gauge the
health of Mars-based instruments and instruments under
development. These techniques can be used in the future for
space-exploration missions to quickly assess health of vital
equipment. They can provide recommendations for repair or
replacement of these components before launch, as is the
case for the SAM and MOMA-MS projects. SAM continues
its exploration of the Mars environment continuously providing science of sand, dust, rock and atmosphere as the Curiosity Rover makes is way along the surface of Mars and
ExoMars/MOMA-MS continues its trajectory through fabrication, integration, test and launch towards a safe landing
and exciting operations on Mars.
Ackowledments: B. P. thanks and acknowledges P.
Mahaffy, W. Brinckerhoff and all the SAM, MOMA-MS and
MSL teams.
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Getting a Handle on PDS4 Labels. A. C. Raugh1 and John S. Hughes2, 1University of Maryland, College Park,
MD (araugh@umd.edu), 2Jet Propulsion Laboratory, La Cañada Flintridge, CA (John.S.Hughes@jpl.nasa.gov).

Introduction: PDS4 labels are XML-based and
rigidly organized. While the new XML labels can appear syntax-heavy with respect to the older standards,
the benefits of uniform naming and organization of
metadata across the entire archive make it relatively
easy to locate and identify metadata of interest once the
standard label organization is learned. This talk will
walk through the major organizational structure of a
PDS4 data product label, providing users with a basic
roadmap they can apply to all PDS4-labeled data, irrespective of source.
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PDS4: Realizing the Benefits. A. C. Raugh1 and John S. Hughes2, 1University of Maryland, College Park, MD
(araugh@umd.edu), 2Jet Propulsion Laboratory, La Cañada Flintridge, CA (John.S.Hughes@jpl.nasa.gov).

Introduction: Under the new PDS4 standards, developed through model-driven design and implemented
as XML, data product labels have been completely
made over. The change in label style and organization
from PDS3 to PDS4 means that experienced PDS3
users transitioning to PDS4 are on nearly the same
footing for reading and designing labels as new users
coming to PDS4 with their first archiving project.
The major design goals for the PDS4 development
effort focused on things like completeness, predictability, and uniformity, in order to support sophisticated
searching as well as interdisciplinary applications and
archive interoperability. But the new PDS4 standards
also have tangible and immediate benefits for end users
and data preparers. We present a short list of highlights to illustrate some of the “wins” inherent in the
new system.
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The Planetary Data System (PDS): Ask Me Anything. A. C. Raugh1 and the PDS Team, 1University of Maryland, College Park, MD (araugh@umd.edu).

Introduction: Got a question about PDS standards? Format? Organization? Why we do things (or
don’t do things) the way we do (or don’t do)? Just
wondering what “LID” stands for? Ask me anything!
Whether it’s complaints, comments, compliments,
or queries, this poster provides a space for you to write
them down, post them, and have them addressed,
heard, accepted, and/or answered during the meeting
by your friendly, neighborhood PDS experts.

7051.pdf

3rd Planetary Data Workshop 2017 (LPI Contrib. No. 1986)

7017.pdf

CRATER COUNTING ON HEAVILY CRATERED SURFACES: IMPLEMENTING NON-SPARSENESS
CORRECTION IN AN ARCGIS INDEPENDENT TOOL FOR PLANETARY SURFACE DATING. C.
Riedel1, G. G. Michael1 and T. Kneissl1, 1Freie Universität Berlin, Inst. of Geological Sciences, Planetary Sciences
and Remote Sensing Group, Malteserstr. 74-100, 12249 Berlin, Germany, (christian.riedel@fu-berlin.de).

Introduction: The absolute and relative ages of
planetary surfaces in the inner solar system have long
been determined from the analysis of crater sizefrequency distribution curves [1-4]. To derive such
information from remote sensing data, impact craters
on a geologically homogeneous surface [5] are processed by crater counting techniques [6-9]. Approaches
such as Traditional Crater Counting (TCC) and Buffered Crater Counting (BCC) [6-8] are implemented in
the ArcGIS Add-In CraterTools [6]. However, the recently developed Non-Sparseness Correction (NSC)
and Buffered Non-Sparseness Correction (BNSC) [9]
crater counting methods are not implemented and data
processing in CraterTools is restricted to 32 bit singlecore computing. To overcome these limitations and to
efficiently implement NSC and BNSC crater counting
techniques, we currently develop a new software tool
for crater size-frequency measurements.
Crater Counting Techniques: Crater counting
techniques determine which craters and which reference areas are considered for the determination of
crater size-frequency information. Regarding the TCC
approach, all craters which have their centroids inside
the counting area are considered for the measurement.
The reference area remains unchanged during this process (Figure 1A).
BCC is used to improve the statistics of crater sizefrequency measurements. During BCC, impact craters
which superpose the geologically homogeneous surface
but are situated outside the reference area are included
in the evaluation. Generally, craters within a distance
of one crater radius to the counting area are considered.
The measurement area changes for every crater during
BCC and corresponds to the original area plus a surrounding buffer of one crater radius (Figure 1B).
Thereby, the number of craters which are considered
for crater size-frequency measurements is increased.
BCC is particularly used for the investigation of linear
features with a limited number of superposing impact
craters [8].
NSC is applied to consider the effects of crater
obliteration by larger craters. For every crater inside
the counting area, the original reference area is reduced
by all larger craters plus a surrounding buffer of one
crater radius (Figure 1C). Here, the buffer corresponds
to the zone affected by ejecta blanket and seismic degradation which eliminated smaller craters. The resulting crater size-frequency distribution better reflects the

production function (Figure 2) [9]. This is especially
noticeable when many large impacts occupy a significant fraction of the area. Thus, NSC is useful for heavily cratered surfaces.
BNSC is a combination of BCC and NSC crater
counting approaches [9]. It is used to improve statistics
by including craters which are situated outside the
counting area and to consider resurfacing events by
eliminating larger impact craters with their respective
ejecta blankets. For every crater, all larger craters plus
a surrounding buffer of one crater radius are removed
from the reference area. Subsequently, the remaining
area is buffered by the radius of the investigated crater
(Figure 1D). BNSC is particularly suitable for linear
features and heavily cratered regions but can generally
be applied to any region of interest.

Figure 1: Reference areas of six individual craters for
TCC, BCC, NSC and BNSC crater counting approaches. During TCC (A), the reference area remains unchanged. Crater 3 is excluded from the measurement.
BCC (B) requires the mapped counting area to be buffered by one crater radius for each crater. Crater 3 is
included in the measurement. For every crater during
NSC (C), every larger crater plus a surrounding buffer
of one crater radius (ejecta blanket) is removed from
the counting area to simulate the effect of resurfacing
by larger impacts. BNSC (D) combines NSC and BCC
crater counting approaches. Resurfaced areas (larger
craters plus surrounding buffer of one crater radius) are
removed from the counting area while the remaining
area is buffered by one crater radius [9].
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Figure 2: Results from TCC and BNSC crater counting
on the heavily cratered lunar highlands (A). TCC gives
an absolute surface age of 4.31 Ga. However, the crater
size-frequency distribution only fits the production
function at larger crater diameter bins (B). In the
BNSC approach, the given production function fits
almost the entire crater diameter range, resulting in an
absolute surface age of 4.27 Ga (C) [9].
Implementation of NSC and BNSC: NSC and
BNSC approaches generate polygons with multiple
inner rings during crater size-frequency measurements
(Figure 1). Thereby, both approaches require far more
computational resources than the BCC technique. As
CraterTools only supports 32 bit and single-core computing, NSC and BNSC cannot be efficiently implemented in the ArcGIS Add-In. We therefore develop a
new GIS application for the determination of crater
size-frequency information which works independently
from ArcGIS libraries and supports 64 bit computing
as well as multi-core data processing. To this end, we
use open GIS libraries. Since such libraries conduct
GIS operations on a Cartesian plane, there’s a great
potential to generate false crater counting results due to
map distortion effects. Therefore, we develop a number
of workarounds for geodesic polygon alterations. This
includes the geodesic buffering of polygons, area and
distance calculations on a spheroid as well as the automatic handling of polar and dateline intersections.
To assess the performance of the new application,
we conducted BCC crater size-frequency measurements of lunar basins using CraterTools and the new
software tool. We found a significant performance increase of 60-1250 % when comparing the computational time of the new application to CraterTools. This
increase is mandatory for the efficient implementation
of NSC and BNSC crater counting techniques in planetary surface dating.
References: [1] Öpik E. J. (1960) Monthly Notices
of the Royal Astronomical Society, 120, 404.
[2] Baldwin R. B. (1964) Astronomical Journal, 69,
377. [3] Neukum G. (1971) Ph.D. Thesis, Universität
Heidelberg, Germany. [4] Neukum G. and Wise D. U.
(1976) Science, 194, 1381-1387. [5] Wilhelms D. E. et
al. (1987) US Geological Survey Professional Paper
1348. [6] Kneissl T. et al. (2010) Planetary and Space
Science, 59, 1243-1254. [7] Tanaka K. L. (1982)
NASA TM-85127, 123-125. [8] Fassett C. I. and Head
J. W. (2008) Icarus, 195, 61-89 [9] Kneissl T. et al.
(2016) Icarus, 277, 187-195.

3rd Planetary Data Workshop 2017 (LPI Contrib. No. 1986)

7004.pdf

DAWN FRAMING CAMERA CERES ATLASES. Th. Roatsch1, E. Kersten1, K.-D. Matz1, R. Jaumann1, S. Joy3
, C. A. Raymond2, and C. T. Russell3, 1Institute of Planetary Research, German Aerospace Center (DLR), Berlin,
Germany, Thomas.Roatsch@dlr.de, 2JetPropulsion Laboratory, California Institute of Technology, Pasadena, CA,
3
Institute of Geophysics, UCLA, Los Angeles, CA.

Introduction: The Dawn mission mapped the surface of the dwarf planet Ceres over a period of fifteen
months [1]. Imaging data from the Dawn Framing
Camera [2] were collected in three primary mapping
phases: Survey (June 2015) near 4425 km altitude,
High Altitude Mapping Orbit - HAMO (AugustOctober 2015) near 1500 km altitude and the Low
Altitude Mapping Orbit - LAMO (December 2015August 2016) near 400 km altitude. The surface of
Ceres was almost completely mapped with the clear
filter images in all three mapping phases, both with
nadir looking and off-nadir looking.
Mosaics and atlases: Global mosaics with a resolution of 400 m/pixel (Survey), 140 m/pixel (HAMO),
and 30 m/pixel (LAMO) were used to create three
atlases. Three different formats were used to create the
atlases:
- Survey: subdivision of the synoptic format
with four quadrangles [3] (Fig. 1)
- HAMO: 15 quadrangle schema for medium
sized bodies [4] (Fig. 2)

Fig. 1: Ceres Survey atlas schema

-

LAMO: 62 quadrangle schema for mapping
planetary bodies imaged with high resolution
[5] (Fig. 3)
Nomenclature: The Dawn team proposed 113 names
for geological features. Following international agreement, craters were named after gods and goddesses of
agriculture and vegetation from world mythology,
whereas other geological features were named after
agricultural festivals of the world. The entire nomenclature proposed by the Dawn team was approved by
the
IAU
[http://planetarynames.wr.usgs.gov/Page/CERES/targe
t].
Data archive: All mosaics and atlases were archived
at the Small Bodies Nodes (SBN) of the Planetartary
Data System (PDS). The atlases are also available at
the Dawn GIS web page: http://dawngis.dlr.de.
References:[1] Russell, C.T. and Raymond, C.A.,
Space Sci. Review, 163, 3-23; [2] Sierks, et al., 2011,
Space Sci. Rev., 163, 263-327; [3] Roatsch et al. 2016,
Planet. Space Sci. 121, 115-120; [4] Roatsch et al.
2016, Planet. Space Sci. 129, 103-107; [5] Roatsch et
al. 2017, submitted to Planet. Space Sci.
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Fig. 3: Ceres LAMO atlas schema

7004.pdf

3rd Planetary Data Workshop 2017 (LPI Contrib. No. 1986)

7107.pdf

IMPROVED DATA ANALYSIS TOOLS FOR THE THERMAL EMISSION SPECTROMETER. K.
Rodriguez12, J. Laura1, R. Fergason1 and R. Bogle1 1 USGS Astrogeology Science Center, Flagstaff Arizona
2
Northern Arizona University, School of Informations, Computing, and Cyber Systems (Corresponding Author:
rfergason@usgs.gov).
Introduction: The Thermal Emission Spectrometer
(TES; Christensen et al., 2001) onboard the Mars
Global Surveyor (MGS) acquired thermal infrared
observations of Mars. In its lifetime, TES has collected
~206 million infrared spectra. The TES instrument
obtained systematic spatial coverage of Mars and has
imaged the martian surface globally several times
during its operation. The TES data set are a critical for
understanding
mineral or physical property
distributions at global scales.
Currently, methods for accessing this dataset are
limited. One option is the TES Data Tool [2] a web
form that translates entries to a query but requires
exhaustive field entries and has a limited data retrieval
size of 2GB. Another TES database query option is
Vanilla, an application provided by the TES team
which provides an interface for reading the binary
format directly but, like the TES Data Tool, suffers
poor turn around time for queries and is problematic to
install and operate. Thus, current means to access the
TES data set are often inadequate for addressing
spatially and temporally complex global-scale
questions related to the geologic history of Mars.
Examples of such questions include: How has the
albedo of Mars changed over time and what surface
properties are correlated with this change?; and Where
do thermal inertia values vary and on what timescales?
Since the completion of the MGS mission in 2006,
new database technologies have emerged that allow
storage and access to large quantities of data while
overcoming the limitations of the proprietary TES
tools. Different types of database systems exist for the
storage and analysis of large data sets which can be
broadly summarized into the two categories:
Structured Query Language (SQL) based Relational
Database Management Systems (RDBMS) and less
traditional NoSQL databases. Our goals are twofold.
First, we seek to select a population of database
systems that are representative of SQL and NoSQL
based solutions and benchmark them using the TES
data set in order to better understand the potential for
the various database solutions. Second, we seek to
provide a more accessible data store and interface for
the TES data to support planetary data analytics. This
work has applications beyond the TES data set, and
knowledge gained from this investigation can be
applied to larger data sets (such as the Kaguya Spectral
Profiler spot spectrometer, the Thermal Emission
Imaging System (THEMIS), or the Compact

Reconnaissance Imaging Spectrometer for Mars
(CRISM).
The TES Dataset: The TES instrument consists of
three different sensors: A Michelson interferometer,
and separate thermal bolometric and visible
/near-infrared reflectance channels. Each sensor
contains six detectors and each detector produces a
point observation (Christensen et al., 2001). In the
Planetary Data System (PDS), the data captured by the
detectors is distributed over eight normalized tables.
These tables are stored in a non-standard binary format
with records represented in mixed data types with
inconsistent element sizes and record lengths.
Extracting the tables from binary can be done by using
the aforementioned proprietary tools which do not lend
themselves well to high throughput data extraction.
The TES data can be considered to be highly
dimensional as data collected by the Michelson
interferometer are composed of 143 radiance values,
143 brightness temperature values, and ~30 metadata
entries.
The Databases: We test three databases for
high-dimensionality hyperspectral data focusing on
setup costs, data ingestion costs, and most importantly,
the ability to efficiently submit basic and complex
queries.
These
are a traditional RDBMS
(PostGreSQL), a document based NoSQL database
(MongoDB) and a Key-Value store with columnar
family support (HBase).
In a traditional SQL-based relational database, data
is represented as tabular data structures where table
properties adhere to a predefined logical data model
(i.e. a schema). The SQL-based systems are most
advantageous with storing low velocity transactional
information, or performing queries where predefined
indices can be largely leveraged. Generally, SQL
databases offer great vertical scalability (up to the limit
of available hardware). In a RDBMS, the schema has
the most significant impact how well the database
performs.
NoSQL databases were created to address the
shortcomings of requiring structured data stores and
the limits imposed by vertical scalability. Unlike SQL
databases, NoSQL databases do not require a
pre-defined schema and are not based on relational
models. Other characteristics include decentralized
architectures and focus on horizontal scalability.
Additionally, NoSQL databases can be partitioned into
subcategories: key-value based, document based, and
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column based. In attempting to select a set of that best
represents the different options available in database
systems, we selected PostGreSQL [3], MongoDB [4]
and HBASE [5].
PostGreSQL with the PostGIS extension is a
traditional RDBMS for storing spatially enabled data.
PostGIS offers a powerful tool set for analyzing/using
spatial data and easily puts PostGreSQL ahead of other
solutions with the most robust set of spatial
functionalities. PostGIS is OGC compliant. Therefore,
by extension, it integrates very well with other OGC
compliant applications (Geoserver, MapServer, QGIS,
ArcGIS etc.). PostGreSQL is most efficient on narrow
tables where queries have small number of parameters
such as a range query on a single indexed field.
PostGreSQL also best supports the standard join
paradigm used for highly normalized schema.
MongoDB is a popular document based NoSQL
database which has been recently updated with spatial
analysis functions and spatial indexing. MongoDB
provides easy horizontal scalability with built in
sharding functionality allowing operations to be
distributed over multiple nodes on commodity
hardware.
Apache HBase is key-value pair and columnar
database inspired by Google Bigtable and sits on top of
Hadoop Distributed File System (HDFS) which
effectively makes HBASE a derivative of Bigtable
which integrates into the Apache MapReduce
ecosystem. Like PostGreSQL, HBASE has an
extension allowing for enhanced spatial capabilities,
GeoMesa.
Hardware & Deployment: Different database
systems will have different resource demands.
PostGreSQL will want a large amount of resources
(particularly memory) allocated to a single process
compared to the NoSQL databases which will benefit
from multiple processes distributed across multiple
machines with relatively low amount of resources
allocated per machine. NoSQL databases will benefit
most from elasticity (adding additional nodes on the
fly).
We use the Datacenter Operating System (DC/OS)
[6], an extra layer of abstraction over CPU, RAM,
storage and other hardware to behave as a single pool
of resources and provides containerized services (i.e.
the databases and supporting processes) an interface
for resource allocation. The result is on-the-fly
elasticity and scalability. Furthermore, it enables the
deployment,
analysis
and
manipulation
of
containerized services.
We utilize Docker for service containerization.
Containers are mini virtual machines in that they do
not emulate a complete operating system. Containers
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only emulate the file system and any necessary
top-level
software
and
files (dependencies,
configuration files, source code, etc.) while simply
using the host OS’s kernel minimizing overhead. A
particular container represents a micro service that is
highly portable, reliable and scalable, but more
importantly, allows us to run multiple processes on the
same hardware by specifying hardware allocation
parameters (CPUs, RAM and storage). The atomic
manageable unit in DC/OS is a container and Docker is
the most widely used container platform.
Interface: Interacting with the databases on the
data center is accomplished through a homogenized
Python interface utilizing pySpark to interface with an
containerized Apache Spark, an analytics microservice
instance. Spark provides fast queries across both SQL
and NoSQL database systems. On top of pySpark, we
plan to develop a user friendly API for interacting with
the TES data. A Jupyter notebook server will be
provided for convenience. The output from this API
will be compared to results from Vanilla to test
validity.
Results: Our new ingestion program converts the
TES binary data to an intermediate data structure in
memory that can be converted to the different database
systems. For this, we are using a Python approach
where a Pandas data frame will act as the intermediate
data structure. The data frames are then inserted to the
different databases. Currently, we have a PostGreSQL
and a distributed MongoDB database deployed on a
DC/OS cluster with 1GB of TES data.
Conclusion: We plan to stand up 3 different
database systems most representative of the available
SQL and NoSQL based options for testing of a new
datastore for MGS TES data allowing for a more
accessible tools supporting high throughput data
analysis on the high-dimensionality hyperspectral data
set. Along with the higher performance data stores, we
plan on providing more flexible tools for extracting the
original dataset into more desirable formats.
Additionally, we will provide a new Python based
interface which connects directly to the data stores
agnostic to the particular database system. Finally, our
work on benchmarking the different database systems
is extendable to other missions with significantly
similar but much larger data sets (e.g. THEMIS and
CRISM).
References: [1] Christensen et al., J. Geophys. Res., 106,
23,823-23,871, 2001. [2] http://tes.asu.edu/data_tool/ [3]
https://www.postgresql.org/ [4] https://www.mongodb.com/
[5] https://hbase.apache.org/ [6] https://dcos.io/
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A COMMON MODEL TO HANDLE PDS3 AND PDS4 DATA. J. Saiz1, A. Macfarlane1, R. Docasal1, C. Rios1,
I. Barbarisi1, F. Vallejo1, S. Besse1, C. Vallat1, C. Arviset1, 1ESA/ESAC, Camino Bajo del Castillo s/n, Urb. Villafranca del Castillo, 28691 Villanueva de la Cañada, Spain, jsaiz@sciops.esa.int.
Introduction: ExoMars 2016 [1], launched on 14 th
March 2016, was the first European Space Agency’s
(ESA) operational mission to make use of the latest
release of the Planetary Data Standards (PDS4).
Following this, ExoMars Rover/Surface Platform
(RSP), planned to be launched in 2020 [2], which aims
to put a European rover and a Russian platform on the
Mars surface, and BepiColombo [3], a joint ESA and
JAXA mission to Mercury, will produce their scientific
data in PDS4 format as well.
ESA’s Planetary Science Archive (PSA) [4] is the
central repository to store products from all ESA
planetary missions. This archive is not only in charge
of preserving data from operational or future missions
following the PDS4 standard, like the aforementioned
ones, but also from legacy missions that utilized the
previous Planetary Data Standard PDS3: Giotto, Huygens, Venus Express, SMART-1, the recently finished
Rosetta mission, currently in post-operations phase,
and the still operational Mars Express.
Common data model: As part of the reengineering of the PSA [5], an effort has been made to map the
key metadata from PDS3 and PDS4 into a common
data model with the intention of providing transparency
to the services that make up the new PSA.
These include the main web portal from where data
coming from ESA planetary missions can be searched,
viewed and downloaded, as well as machine access
interfaces implementing the PDAP (Planetary Data
Access Protocol) [6] and EPN-TAP (EuroPlanet-Table
Access Protocol) [7].
The common mapping allows the PSA to support
data deliveries from the pipelines of existing missions
without the need to reprocess the PDS3 data, and in
addition it simplifies the data deliveries from missions
following the PDS4 standard. At the same time, the
original PDS3 and PDS4 structures are also maintained, thus permitting to retrieve them when required.
Technologies involved: The implementation of
this data model comprises a PostgreSQL database with
PostGIS (a spatial and geographic extension for PostgreSQL) and a GeoServer instance (an open source
utility to share geospatial data). The original PDS3 and
PDS4 deliveries are stored in a file repository that is
accessible with proper access rights from the different
interfaces.
All these enable a solution in which the user is not
required to know in detail the underlying structure of
the data formats.

References:
[1] ESA, ExoMars 2016 mission overview,
http://exploration.esa.int/mars/46124-missionoverview; [2] ESA, ExoMars RSP mission overview,
http://exploration.esa.int/mars/48088-missionoverview/; [3] ESA, BepiColombo mission overview,
http://www.esa.int/Our_Activities/Space_Science/Bepi
Colombo_overview2; [4] Besse, S. et al., (2017) Planetary and Space Science (submitted); [5] Macfarlane,
A. et al., (2017) Planetary and Space Science (submitted); [6] Salgado, J. et al. (2013), IPDA Planetary Access Protocol; [7] Erard, S. et al. (2014) The EPN-TAP
protocol for the Planetary Science Virtual Observatory.
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CRISM MULTISPECTRAL AND HYPERSPECTRAL MAPPING DATA – OBSERVING MODES,
ACCUMULATED COVERAGE, DATA PRODUCTS, AND TILE MOSAICS. F. P. Seelos1, G. Romeo1, C. D.
Hash2, S. L. Murchie1, and E. C. Garhart3, 1Johns Hopkins Applied Physics Laboratory, 11100 Johns Hopkins Road,
Laurel, MD 20723 (frank.seelos@jhuapl.edu), 2Applied Coherent Technology, 3University of Maryland.
Introduction and Motivation. The Compact Reconnaissance Imaging Spectrometer for Mars (CRISM)
[1] is a visible through short-wave infrared hyperspectral imaging spectrometer (VNIR S-detector: 364-1055
nm; IR L-detector: 1001-3936 nm; 6.55 nm sampling)
that has been in operation on board the Mars Reconnaissance Orbiter (MRO) [2] since 2006. Over the
course of the MRO mission, CRISM has acquired over
283,000 individual mapping observation segments (or
mapping strips) with a variety of observing modes and
data characteristics (Table 1). Due to the MRO nearpolar orbit (inclination ~93 degrees), CRISM mapping
data coverage density varies primarily as a function of
latitude and secondarily due to seasonal and operational considerations. The aggregate VNIR and IR mapping coverage at the equator stand at ~97% and ~78%,
respectively, increasing poleward so that at higher latitudes there are typically multiple individual mapping
strips that sample a given ground location. The quality
of the CRISM VNIR mapping data has not changed
substantially over the course of the mission, but the IR
mapping data quality has varied significantly as function of the IR detector operating temperature. The
CRISM IR detector is actively cooled and as the cryosystem efficiency has decreased with age, the IR detector temperature and associated noise level (e.g. Figure 1A) have increased accordingly. The manifestation
of the thermally driven IR noise is more challenging to
address in the CRISM mapping data as compared to
the hyperspectral targeted observation data. The fraction of affected pixels is amplified and the magnitude
of the noise structure is depressed by the 5x or 10x
cross-track spatial binning inherent to CRISM mapping observations, and the wavelength subsampling
reduces the channel-to-channel correlation that can be
leveraged toward noise identification and mitigation.
CRISM Mapping Mosaic Development. The variable CRISM IR data quality and the accumulated spatial coverage density have motivated the development
of a mapping data processing and mosaicking testbed
within the CRISM Science Operations Center (SOC).
This supports both the prototyping of data processing
procedures for future deliveries of CRISM Planetary
Data Systems (PDS) standard data products - e.g. the
Multispectral Reduced Data Record (MRDR) map tiles
- and the generation of custom mosaicked data products that complement the CRISM PDS product suite.
Mapping Data Noise Remediation. A prototype IR
mapping data noise remediation procedure has been

adapted from the hyperspectral data filtering procedure
currently employed in the ground processing of
CRISM targeted observations [3] [4]. As with the targeted observation processing, noise structures are partitioned into systematic and stochastic components,
where the systematic structures manifest as wavelength-dependent along-track (column-aligned) residuals in the ground plane, and the stochastic structures as
isolated data spikes (spatially and spectrally) and/or
collections of multiple adjacent pixels with erroneous
data values (e.g. Figure 1A). The noise remediation
challenges unique to the CRISM IR mapping data necessitated a shift from the evaluation of the stochastic
filter sampling kernels in isolation (as for targeted observations with contiguous spectral sampling) to an
exchange of information among proximate sampling
kernels. The results from a 2D (band-independent)
implementation of this approach are illustrated in Figure 1B. The modified procedure requires an additional
layer of bookkeeping and iteration control, but allows
the procedure to successfully distinguish and retain
real spatial/spectral variability in multispectral observations with noise that is both more prevalent and
more structured than that in lower IR detector temperature observations.
Empirical Radiometric Reconciliation. The next
generation MRDR data processing pipeline includes a
radiative transfer (RT) based correction for the spectral
effects of atmospheric gases and aerosols that makes
use of CRISM- and MARCI- derived measurements of
dust and ice opacities, τd and τi respectively [5]. The
correction procedure transforms the observed data to a
reference atmospheric state with τd = 0.2 and τi = 0.0,
but leaves small radiometric residuals that are evident
where mapping strips overlap. The spatial sampling
density of the accumulated CRISM mapping data supports an empirical approach to reconciling these interstrip radiometric residuals and assembling selfconsistent mosaicked data products. The empirical
approach leverages both inter-strip spatial overlaps and
proximal relationships to construct a graph that encodes the strip-to-strip relationships and radiometric
discrepancies, and linear and non-linear least squares
optimization to derive a set of strip- and wavelengthspecific model parameters for a series of transform
functions that minimize the total residual radiometric
discrepancy across the mosaic. An illustration of topof-atmosphere (TOA) empirical radiometric reconciliation without application of the RT correction (worst
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case inter-strip discrepancies) is shown in Figure 2. In
this example, the empirical optimization is acting at the
individual strip level as a relative atmospheric and
photometric correction.
Applications and Mosaic Prodcuts. The IR mapping data noise remediation and empirical radiometric
reconciliation processing procedures are key components in the development and production of CRISM
map tile and regional mapping mosaic products. This
includes the next generation of near-global 72-channel
~200 m/pxl MRDR multispectral map tiles for release
to the PDS, as well as custom regional ~200 m/pxl full
Class Pixel Size VNIR
IR
Observations
VNIR
IR
Type (m/pxl) Bands Bands [Target IDs] Segments Segments
MSP

~200

MSW ~100

19

55

40785

61987

62069

19

55

2557

2565

2562

HSP

~200

107

154

16030

19648

19705

HSV

~200

107

N/A

43889

66482

N/A

MSV

~100

90

N/A

35015

48450

N/A

Total:

138276

199132

84336

spectral range hyperspectral mapping mosaics (HSP
data). In addition, the rapid accumulation of MSV data
since the observation class type was introduced in early 2012 – now approaching 80% global coverage – will
allow for the eventual assembly of an ~100 m/pxl
VNIR hyperspectral near-global map tile set.
References: [1] Murchie S. L. et al. (2007) JGR,
112, E05, S03. [2] Zurek R. W. and Smrekar S. E.
(2007) JGR, E05, S01. [3] Seelos F. P. (2009) AGU
Fall Meeting, P23A-1234. [4] Seelos F. P. et al. (2016)
LPS XLVII, Abstract #1783. [5] McGuire et al. (2013)
LPS XLIV, Abstract #1581.
Table 1. Summary of CRISM mapping data acquired
through 2017-094 (04/04/2017). Observation and segment counts reflect the content of the Experiment Data
Record (EDR) archive. The class types in bold were
active at the start of the MRO mission. The class type in
italics has been suspended.

Figure 1. Illustration of the CRISM IR mapping data filtering procedure using data from observation
MSP00002FE4_03. Each image consists of permuted ratios of the standard CRISM IR RGB visualization channels
(R: 2529 nm / 1506 nm; G: 1506 nm / 1080 nm; B: 1080 nm / 2529 nm) with a 1% linear stretch calculated from the
filtered image (B) applied to each band. Band ratio composite images emphasize subtle spectral variations because
the continuum variability that dominates band composite images is scaled out of the visualization. (A) IR band ratio
composite including systematic and stochastic noise structure. The spatially organized collections of spurious pixels
are representative of noise structure that challenges the hyperspectral data filtering procedure. (B) IR band ratio
composite showing the result of the revised (2D) mapping data stochastic noise filtering procedure.
Figure 2. Illustration of the CRISM mapping data empirical radiometric reconciliation procedure applied to ~200
m/pxl VNIR data from mapping observation class types MSP, HSP, and HSV covering the Jezero Crater Mars 2020
candidate landing site region (~120km x ~120 km). (Left) Initial 770-nm TOA mosaic with strips stacked in order of
acquisition. (Right) 770-nm TOA empirically optimized mosaic with the same observation stacking.
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CHARACTERIZATION OF LATERALLY CONTIGUOUS PHYLLOSILICATE DEPOSITS IN WEST
MARGARITIFER TERRA, MARS. K. D. Seelos1, R. E. Maxwell2,1, F. P. Seelos1, D L. Buczkowski1, and C. E.
Viviano-Beck1, C. M. Weitz3, 1JHU Applied Physics Laboratory, Laurel, MD (kim.seelos@jhuapl.edu); 2Dept. of
Earth and Planetary Sciences, UCSC, Santa Cruz, CA; 3Planetary Science Institute, Tucson, AZ.
Introduction:
Clay
minerals found in stratigraphic sequences have
been used to support the
idea of widespread precipitation and pedogenic
weathering
during
a
warmer, wetter climate era
on early Mars [e.g. 1-2].
These sequences have
been identified in several
provinces, including along
the walls and on the plains Fig. 1. Regional context.
surrounding Valles Marineris [3-5], in Mawrth Vallis [1,6], Meridiani [2,7-8],
and Nili Fossae [9], and commonly exhibit Alphyllosilicates overlying Mg/Fe-phyllosilicates.
The purpose of this study is to map and characterize surface to near-surface phyllosilicate-bearing deposits in West Margaritifer Terra, centrally located
between the clay deposits around Valles Marineris and
in Mawrth Vallis/Arabia Terra (Fig. 1). The geographic
proximity to these other layered phyllosilicates suggests that a single regional formation mechanism is
plausible, which would support the idea that a large,
nearly contiguous area of the Noachian/Hesperian crust
was subjected to an active and sustained hydrologic
cycle [10]. However, West Margaritifer experienced
significant fluvial erosion, catastrophic flooding, and
chaos terrain development, providing other pathways
for phyllosilicate formation, transport, and/or redeposition. Although adding geologic complexity, the
presence of these landforms provides relative age and
stratigraphic context that is key to deciphering the
phyllosilicate formation timeline.
Datasets and Methodology: This study relies on
multiple remote sensing datasets from several orbiting
spacecraft. First, phyllosilicate outcrops were identified
and delineated in an ArcGIS framework at ~1:250K
scale using Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) mapping data (180 m/pix).
CRISM mapping data were processed to remove photometric and atmospheric effects as well as instrument
residuals prior to the calculation of summary parameters (e.g., band depths) that were then mosiacked in
5°x5° tiles. All or part of 16 tiles cover the study area,
which extends from 325°E to 345°E, 0°N to -15°N.
All standard parameters [11] were examined, but
D2300, which typically indicates the presence of

Fe/Mg phyllosilicate, was the most commonly utilized.
More than 130 high spatial and spectral resolution
CRISM targeted observations (~20/40 m/pix) were also
processed as Map-projected Targeted Reduced Data
Records (MTRDRs) [12], comprising a suite of fully
corrected spectral data, summary parameter cubes [11],
and visual products that facilitate spectral analysis.
Thermal Emission Imaging System (THEMIS) daytime
IR controlled mosaics [13] and qualitative thermal inertia (TI) [14] at 100m/pix, Mars Orbiter Laser Altimeter (MOLA) 128 pix/deg gridded topography, and select High Resolution Stereo Camera (HRSC) DTMs
served as basemaps. Tiled mosaics of Context Imager
(CTX) data processed through the Projection on the
Web (POW) utility [15] and High Resolution Imaging
Science Experiment (HiRISE) data (including color
and DTMs) were used to examine surface morphology.
Map units: We distinguish 4 phyllosilicate units
with increasing levels of inference: certain, less certain,
inferred–expanded, and inferred–buried (Figs. 2-3).
Certain outcrops are observed directly in CRISM data
and have strong spectral signatures. Less certain outcrops are also observed in CRISM data but are weaker
or less spatially coherent. Inferred–expanded units
encapsulate one or more surficial detections but are
expanded based on the presence of coherent THEMIS
TI and CTX data. Similarly, inferred–buried outcrops
connect one or more impact-exhumed or fracture wall
outcrops, suggest the widespread presence of the phyllosilicate layer in the shallow subsurface.
Regional Distribution: Phyllosilicate outcrops are
distributed throughout the Noachian plateau region
(Fig. 2), unconstrained by the youngest outflow channels, chasma, or chaos terrains and with no apparent
elevation threshold. Outcrops exhibit higher thermal
inertia than surroundings, signifying a relatively consolidated nature, and appear light-toned with polygonal
fracturing in visible imagery. Three types of exposures
all indicate shallow emplacement: a) surficial outcrops
on plains, b) in fracture/chaos walls, and c) in crater
rims and ejecta. Outcrops are consistently cross-cut by
Hesperian-aged chaos and fractures.
Where exposed vertically, deposits can have variable thickness on the order of a few to several 10s of
meters, sometimes with subparallel internal layering.
Upper contacts tend to be relatively sharp, but determining the placement of the lower contact has proved
elusive because of mass wasting. Superposed material,
HiRISE color data suggests some vertical composition-
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Fig 3

al variation with reddish light-toned material overlain
by blueish material, but no spectral differences have
been identified. Instead, hyperspectral data consistently show the phyllosilicate deposits to be dominated by
Mg-smectite (e.g., saponite), which is similar to phyllosilicates identified to the west and southwest [3-5]
and consistent with the recent findings of [16]. In contrast to some regional outcrops, however, no Alphyllosilicates are observed to overly the Fe/Mg smectite. Other mineral species (zeolite, chloride) are observed in only a few instances. Low-calcium pyroxene
is fairly common on the plateaus in small exposures,
consistent with other Noachian-aged highland terrains.
Emplacement Mechanism(s): Our mapping results and observations can be compared to those expected from 4 formation mechanisms (fluviolacustrine,
pedogenic, diagenetic, or hydrothermal) to determine
the most likely scenario. The region-wide occurrence
and spectral homogeneity of Mg-smectite disfavors
emplacement by a hydrothermal process, where zonation or a regional gradient would be expected. The
shallowness of the outcrops and lack of significant vertical variability similarly contradicts burial diagenesis,
although deposition of a fine-grained air fall layer with
subsequent alteration by ground water could be feasible. The paucity of Al-phyllosilicate does not necessarily rule out pedogenic weathering; however, it does
suggest either an immature profile and/or mechanical
stripping of the uppermost Al-bearing layer(s). Fluviolacustrine deposition likewise cannot fully explain the
spatial distribution of outcrops, although the location
of some prominent outcrops alongside channels or at
basin margins may suggest at least some of the outcrops could have been emplaced in low energy aqueous
environments [e.g., 17]. Given these observations, we
favor the following formational sequence: 1) air fall
deposition of ash or other fine-grained material, 2)

Fig. 2 (left). Mapped units overlain on THEMIS day-IR with fluvial features highlighted. (Other identified minerals are not shown
for simplicity.) Phyllosilicate outcrops occur both above and below the -1500 m elevation contour (blue shading), which correlate
fairly well to the boundary of many basins, channel margins, and
valley network terminations.
Fig. 3 (right). An example of an overland channel in topography
and THEMIS TI (top), CRISM data phyllosilicate detections and
defined units (lower) – see also Fig. 2.

fluvial or aeolian redistribution toward local topographic lows, 3a) regional pedogenic weathering or
shallow groundwater diagenesis, 3b) burial by spectrally neutral dark-toned material or lava flows, 4) partial
fluvial scouring and/or mobilization, 5) partial exposure via impact, chaos/fracture formation, or surface
weathering.
Conclusion and Future Work: Mapping and
characterization of phyllosilicate outcrops in West
Margaritifer Terra reveals that a continuation of the
regional layer observed to the west along Valles Marineris and NW Noachis Terra is feasible, but significant
fluviolacustrine activity likely played an important role
in redistributing and perhaps concentrating the claybearing material. Additional morphologic characterization using CTX and HiRISE DTMs will allow us to
evaluate regional variation in layer thickness, dip, and
internal structures to further constrain emplacement
and implications for Mars’ Noachian climate history.
References: [1] Noe Dobrea, E. Z., et al. (2010), JGR,
115(E00D19). [2] Poulet, F., et al. (2005), Nature, 438(7068). [3]
Le Diet, L. et al. (2012), JGR, 117(E00J05). [4] Buczkowski, D. L.,
et al. (2010), 41st LPSC, Abstract #1458. [5] Loizeau et al. (2016)
47th LPSC, Abstract #2280. [6] McKeown, N. K., et al. (2009), JGR,
114(E00D10).
[7] Wiseman, S. M., et al. (2010), JGR,
115(E00D18). [8] Wiseman, S. M., et al. (2008), GRL, 35(L19204).
[9] Mustard, J. F. et al. (2009), JGR, 114(E00D12). [10] AndrewsHanna, J. C., and R. J. Phillips (2007), JGR, 112(E08001). [11]
Seelos, F. P. et al., (2014) USGS Open File Report 2014-1056. [12]
Viviano-Beck, C. E., et al., (2014) JGR, 119, 1403–1431. [13]
Fergason, R. L., et al. (2013), 44th LPSC, Abstract #1642. [14] Fergason, R. L., et al. (2006), JGR, 111(E12004). [15] Hare, T. M., et
al. (2014), 45th LPSC, Abstract #2487. [16] Thomas, R. et al. (2017)
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AN ARCHITECTURE FOR REAL-TIME PROCESSING OF OSIRIS-REX ENGINEERING AND
SCIENCE DATA, FROM RAW TELEMETRY TO PDS. S. H. Selznick1, 1Selznick Scientific Software, LLC,
Univeristy of Arizona OSIRIS-REx (sanford-usra@selznick.com).
Introduction: The requirements-driven Science
Processing and Operations Center (SPOC) for the
OSIRIS-REx mission is tasked with intake of all data
from the spacecraft and other ground sources, and assimilating this data in to a single comprehensive system for processing and presentation. Given an attenuated timeline and a clean slate, the SPOC had no
choice but to embrace existing commercial and opensource technologies for the task. The challenge, then,
was one that began with recognizing the talents of
available personnel and laying down an agile framework, design patterns, and methodologies to shepherd
design and development. The end result is a live system with multiple levels of validation, both automated
and manual, paired with rapid updates and deployments, to process all telemetry in a robust and reliable
manner.
Methods: Implementing an architecture for a
comprehensive SPOC involves technologies on all
levels. GIT was chosen for software configuration
management. The "Git Flow" process, as implemented
within Atlassian's BitBucket, is the arbiter of the process, along with important integration of Atlassian's
Bamboo, an automated testing harness.
The SPOC architecture utilizes a database to
maintain the state of all data - be they raw buffers, decomposed bitfield values, or calibrated engineering
values - through image buffers and spectra. Oracle
was chosen for its existing management and query
optimization console as well as its dedicated administrative support and GIS capability. An Oracle database
was used for all non-GIT configuration management
tasks, including kernel handling and reprocessing state.
Many open-source technologies were also employed. The primary programming language was
NodeJS. FITS and HDF5 file manipulation and spatial
calculations with SPICE were all engineered vis á vis a
C++ native bridge, a feature of the NodeJS environment. The runloop built into NodeJS allows the SPOC
to execute any number of file, process, or network
tasks asynchronously without barriers and semaphores.
For presentation of engineering and science data,
the web framework Angular JS was used. Many opensource plug-ins are also used for display and user interface management. Data are also available via an https
API (Application Programmer's Interface) that enables
users to query all values from all tables and columns
indirectly related to their data.

The first two stages, or "levels", of science processing to calibrate and validate science data are implemented by instrument teams in head-less tools authored in IDL, Matlab, or C/C++. These are executed
through a simple system interface from NodeJS where
results are culled into the database for configuration
management and later retrieval.
The third level of science processing for images
and altimetry data is a hands-on process executed on
SPOC hardware with a predefined configuration. The
level-3 science code is under configuration management at the SPOC, and, when executed, maintains
provenance with log files, which are submitted back to
the SPOC database with the data product.
The fourth level of science processing involves
applying dozens of algorithms to combine and recombine level-3 products to produce vector maps that will
inform the sample-site selection decision for the
OSIRIS-REx mission.
Map algorithms are programmed in NodeJS, Matlab or C++.
Discussion: For the OSIRIS-REx mission, ten instruments-worth of data generates over 1,300 (raw)
digital numbers, not including the science data derived
from these intruments. Many of these values need to
be converted or calibrated at least once, sometimes
twice, if chained. Even with the best of intentions,
collating, filing, and documenting all of these values,
and keeping up with changes, is a herculean task. The
data formats, as first presented, were wrought with
errors. To organize all data and their uses, a Global
Specification[1] (GS) was invented.
While some frameworks may have a piece of
JSON or XML to link a database to a user interface,
we created a GS that links every action to every bit of
data from telemetry, from conversions, alarms, database, reassembly, pointing, display, API options,
through to the PDS label, including the documentation
itself. Algorithms that manipulate data need only to
behave like generalized solutions by dereferencing the
GS. With a GS, there is no need to inline idiosyncrasies in code. Furthermore, as specific data formats are
redefined, we needed only to update the Global Specification and re-process any results downstream.
There are many approaches to automated processing on other missions. Some involve dozens or
hundreds of independent scripts and computational
units to usher data to their final destinations, all scheduled within the operating system. While it is inevitable
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that some utilities will require single-tasked scripts,
instead, the SPOC architecture is mostly monolithic.
A monolithic architecture implies re-use of code
across functional units to reduce redundancy and improve reliability. For example, a "SPICE kernels module" may be imported and used in any other SPOC
module when a metakernel is required. A monolithic
architecture also enforces a single design pattern and
style to improve consistency across a large development team.
Conclusion: The SPOC has been live since launch
of OSIRIS-Rex in September of 2016. We are pleased
to report that the architecture has indeed been agile.
Updates, including bug fixes, are applied twice monthly after automated and manual testing.
Development is not done, however. Many tasks
remain, including visualization, data previews, automated processing of spectral level-3 products and others.
References: [1] Selznick, S. H., Harshman, K.P.
Global Specification: A novel infrastructure for a comprehensive SPOC. OSIRIS-Rex Science Team Meeting
IX, Poster (2015)
Acknowledgements: This material is based upon
work supported by the National Aeronautics and Space
Administration under Contract NNM10AA11C issued
through the New Frontiers Program.
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WebGeocalc and Cosmographia: Modern Tools to Access SPICE Archives. B.V. Semenov,1 C.H. Acton,1 N.J.
Bachman,1 E.W. Ferguson,1 M.E. Rose,2 and E.D. Wright1, 1Caltech/Jet Propulsion Laboratory, 4800 Oak Grove
Dr., Pasadena CA 91109, boris.semenov@jpl.nasa.gov, 2NASA/Ames Research Center, Moffett Field, CA 94035..

Introduction: For more than two decades navigation data from most US and international space science
missions have been archived as "SPICE" (Spacecraft,
Planet, Instrument, Camera-matrix, Events)[1][2] system data files (a.k.a. SPICE kernels), assembled into
PDS compliant data sets, residing at the Navigation
and Ancillary Information Facility (NAIF) node of
NASA’s PDS, ESA’s PSA, and JAXA’s Hayabusa
archives.
The traditional way for accessing data from these
archives is by downloading the whole or a subset of a
SPICE data set, installing the SPICE toolkit available
from NAIF, and writing an application calling APIs
from the core SPICE Toolkit library to compute geometric parameters of interest. While this approach provides the greatest flexibility in implementing geometric computations of interest, it proved to be complicated for users with little programming abilities, required
data to be always copied to the users’ workstations,
and lacked any out-of-the-box visualization capabilities.
To address these shortcomings NAIF developed the
WebGeocalc (WGC) tool and extended the publicly
available Cosmographia program to use SPICE.
WebGeocalc: WGC is based on Web client-server
architecture and provides, in a web browser, a convenient GUI to specify computations done by the geometry server accessing SPICE archive data.
WGC users select a calculation from the “Geometry Calculator,” “Geometric Event Finder,” and “Time
Conversion Calculator” categories, select an archived
kernel set with which the calculation is to be done,
specify various inputs such as time and aberration corrections using menus and other GUI widgets, select
optional plots, and click the “Calculate” button. The
WGC client running in a browser sends a calculation
request to a WGC server, which performs the calculation and sends the results back to the client. The client
displays these results, which include echoed input parameters, time-tagged result tables, requested plots,
and lists of kernels that were used, in the same browser
window, allowing users to view results and plots,
download then in a variety of formats, and save results
for use in other WGC calculations.
All WGC server computation capabilities can also
be accessed via a programmatic REST interface, essentially making it a web service.
The WGC instance running at the NAIF node of
PDS (https://naif.jpl.nasa.gov/naif/webgeocalc.html)

provides access to all PDS3 SPICE data sets and PDS4
SPICE bundles archived at NAIF as well as to all generic kernels and mission specific kernels available on
NAIF’s
public
HTTP/FTP
server
(https://naif.jpl.nasa.gov/).
Cosmographia: The SPICE-enhanced Cosmographia is a 3D solar system visualization program
able to accurately render solar system (target) bodies,
spacecraft trajectories and orientations, instrument
field-of-view (FOV) "cones" and footprints based on
SPICE data. The program, that was originally designed
as a general purpose solar system simulator, was extended by NAIF to seamlessly access nearly all types
of SPICE kernels, allowing it to accurately model the
observation geometry of planetary missions for which
complete sets of SPICE kernels, such as PDS3 SPICE
data sets and PDS4 SPICE bundles, are available.
In order to use the program, which is a stand-alone
application
available
from
NAIF
(https://naif.jpl.nasa.gov/naif/cosmographia.html), users download it and SPICE archives of interest and
install them on theirs workstations. Then, using instructions provided by NAIF in the SPICE-enhanced
Cosmographia User’s Guide (https://cosmoguide.org),
users configure the program for a mission of interest
by creating catalog files in the JavaScript Object Notation (JSON) format defining which SPICE files to use
and how to use them, and how spacecraft, its instruments’ FOVs and footprints should be rendered by the
program. Once configuration is done, using the program’s controls users can freely manitpulate time and
point of view to visualize various mission and instrument obervation geometry aspects such as trajecoties,
reference frames, latitude-longitude grids, instrument
FOVs and observation footprints.
References: [1] Acton, C.H. (1996) PSS, 44 No. 1,
pp. 65-70. [2] Acton C.H., Bachman N.J., Semenov
B.V.,
Wright
E.D.
PSS
(2017),
DOI
10.1016/j.pss.2017.02.013.
The research described in this publication was carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under a contract with the National Aeronautics and Space Administration.
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MAPPING THE STRATIGRAPHY OF THE OLYMPIA CAVI, PLANUM BOREUM, USING HIGHRESOLUTION DATA SETS. J. A. Skinner, Jr. and C. M. Fortezzo, Astrogeology Science Center, U. S. Geological Survey, 2255 North Gemini Drive, Flgstaff, AZ, 86001 (jskinner@usgs.gov).

Introduction: Though the polar deposits of Mars
are promising locations to observe recent to long-term
climate history through delination and correlation of
hundreds of layers of ice and dust, many aspects regardng the form, structure, and composition of these
deposits are not well documented, particularly at varying scales of investigation afforded by modern data.
The primary goal of this investigation is to use the process of geologic mapping to document the stratigraphy
of diverse, yet under-studied, north polar sequences
that are exposed along a complex series of troughs and
scarps known as Olympia Cavi and Rupēs (Fig. 1). The
Olympia Cavi region is especially well-suited for detailed geologic mapping because it displays the full
suite of polar layered deposits from the uppermost recent residual ice and Late Amazonain layered deposits
to the lowermost, Late Hesperian Rupēs Tenuis unit
that underpins the entire polar plateau. We are producing geologic maps at 1:100,000 scale at three noncontiguous sites along Olympia Cavi in order to characterize the continuity and variability of polar layered
deposits and establish their three-dimensional architecture. Our investigation focuses on mapping unconformity-bounded units and measuring strata thicknesses and
orientations using high-resolution, co-located HiRISE
and CTX images and stereo-derived topography. Base
maps consist of CTX image mosaics that are overlapped by digitial terrain models (DTMs) from HiRISE
and CTX, allowing a spatial range of detailed observations that have not yet been used for the construction of
polar geologic maps or polar layer correlations.
Rationale: The two most recently-published geologic maps of Planum Boreum are Tanaka and Fortezzo (2012) at 1:2M scale [1] and Skinner and Herkenhoff (2012) at 1:500K scale [2]. These two maps
identified roughly equivalent units in the Olympia Cavi
(OC) region, including a stratigraphically lowermost,
dark, thickly-stratified unit exposed predominantly
within polar cavi (unit ABbc of [1] and unit Aoc1 of [2])
and bright, rhythmically-layered units exposed on
south-facing trough walls (units ABb1 and ABb3 of [1] and
units Ab1 and Ab2 of [2]). There are, however, discrepancies between these two maps. In particular, the
Planum Boreum 2 (ABb2) unit of [1] corresponds to the
Olympia Cavi 1 (Aoc1) and 2 (Aoc2) units of [2].
Tanaka and Fortezzo (2012) interpreted unit ABb2 as
superposing the older layered deposits while Skinner
and Herkenhoff (2012) interpreted unit Aoc1 as under-

pinning those same layered deposits. Contrary to interpretations of [1], [2] interpreted that the erosion of
Planum Boreum units was specifically accompanied by
deposition of Olympia Cavi units, mostly within local
depressions associated wth the poalr troughs. The discrepancies in both of these maps, which were produced
using different data sets at different scales, are central
to the current investigation. Mapping work thus far has
included reconciling and adapting those past maps to
one another as well as to different base data (CTX and
HiRISE orthimages and DTMs) produced for this investigation. These efforts – though procedurally subtle
– have highlighted crotical differences regarding how
scale-based geologic mapping can simultaneously yield
similar and different (and in some instanaces contradictory) results.
Results: We have leveraged previous maps and
their adaptations at our 1:100,000 mapping scale to
identify and describe indisputable units, sidelining
those, and then mapping landforms, contacts, and units
in areas of geologic and stratigraphic ambiguity. We
have completed identification of major landform classes and geologic units in all CTX sub-areas for the
eastern, central, and western quads as well as all
HiRISE subunits in those same regions (Fig. 1). Unambiguous major units identified thus far in both CTX
and HiRISE sub-areas include (1) the uppermost polar
ice unit (~Ab3 of [2]), (2) a single rhythmically-layered
unit (~Ab1 and Ab2 of [2]), and (3) a duneform unit
(~Aou of [2]). We specifically note that we currently
identify no discernible difference in units that were
previously considered to be two separate sets of polar
layered deposits. Rather, these rhythmically-layered
deposits appear continuous throughout the regions of
interest based on observations at both CTX and
HiRISE scales. This is a critical difference in interpretation thus far as it implies that, contrary to previous
geologic mapping and topical studies, there was no
significant (or at least discernible) erosional event or
depositional hiatus that occurred over the last 5 Myr, at
least in the Olympia Cavi region of Planum Boreum.
Ambiguous units (those that were discrepant in
previously-published maps) that we identified include
(1) the dark-toned Aoc1-equivalent “basal” unit of [2]
(~ABbc of [1]) and (2) surficial mass-wasting units (no
equivalent in previous maps) that appear to source
from particular horizons in the lowermost rythmicallylayered deposits and “basal” unit. Though [1] identified
potential outcrops of a lowermost unit (dubbed therein
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the Rupēs Tenuis unit, HBbr) within the deep (<-4200
m) cavi in the eastern quad, we have yet to identify any
horizontally traceable contacts or variations in character within the “basal” units to justify the existence of
this unit within the study areas. This, too, is an important result thus far in the investigation as it undercuts the potential of outcrops of an underpinning Hesperin-age unit within the study region despite the fact
that all three HiRISE sub-areas transect this contact in
the 1:2M scale geologic map of [1]. We note that this
does not suggest that a Hesperian-age unit does not
exist beneath Planum Boreum but, rather, that it might
not be as continuous as previously believed, perhaps
explained by the existence of erosion-created paleotopography of this unit prior to the deposition of darkand light-toned deposits during the Amazonian.
Despite the absence of evidence supportive of a
lowermost, underpinning unit equivalent to the Rupe
Tenuis unit, we have observed a wide variety of landforms and textures within the dark-toned basal units
exposed within the deepest cavi including crossstratification (aeolian cross-beds), layer truncations and
pinch-outs (unconformities), and narrow arcuate ridges.
The latter landform occurs on the surfaces of individual, near-horizontal beds within the basal unit and is
surprisingly similar to relict duneform “footprints”
observed in some arid regions on Earth. Surficial units
identified thus far are comprised almost exclusively of
mass-wasting deposits, which appear to source predominantly from the bright-layered deposits located
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mmediately (<100 m) above its contact with the subjacent dark-toned “basal” deposits. We note that the
source section of the light-toned layered deposits is
pervasively disrupted by what appear to be nearvertical joints or fractures, which facilitates gravityassisted block-falls and sediment slides. We observe
little thus far in our work to suggest that emplacement
of these units included liquid water.
Our mapping work, particularly HiRISE-based subarea mapping, has significantly advanced our understanding of the contact relationships between the more
ambiguous, stratigraphically older units of the Planum
Boreum, how these grade into the less ambiguous stratigraphically younger units, the nature of how these
older units accumulated, and how they might have been
deformed by secondary processes after deposition.
These observations lead us to believe that our quad and
sub-area geologic maps might portray similar units to
previously-published maps, but will have significantly
increased fidelity in contact placement, will offer advanced understanding of the character and timing of
primary (depositional) and secondary (modificational)
that affected these units, and will portray surficial
(mass-wasting) units and processes in a way that previous maps were unable to achieve.
References: [1] Tanaka, K. L. and Fortezzo, C. M.,
2012, USGS SIM 3177, 1:2,000,000 scale. [2] Skinner,
J. A., Skinner, Jr. and Herkenhoff, K., 2012, USGS
SIM 3197, 1:500,000 scale.

Figure 1. The Olympia Cavi region of Planum Boreum showing the locations of the three 1:100,000 scale geologic maps. Each
“quad” contains one CTX DTM and three HiRISE DTMs. Each CTX DTM also contains a co-located HiRISE DTM. DTMs
were produced specifically for this project via SOCET Set photogrammetry.
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RESULTS OF 1:24,000-SCALE GEOLOGIC MAPPING OF WESTERN HADRIACUS CAVI, MARS. J. A.
Skinner, Jr.1, C. M. Fortezzo1, and M. L. Barton1,2, 1Astrogeology Science Center, U. S. Geological Survey, 2255 N.
Gemini Dr., Flagstaff, AZ 86001 (jskinner@usgs.gov), 2School of Earth Sciences and Environmental Sustainability,
Northern Arizona University, Flagstaff, AZ 86011.

Introduction: We are finalizing a 1:24,000-scale
geologic map of strata observed in a HiRISE stereoderived orthoimage that transects central Hadriacus
Cavi, a 65 km long, 15 km wide set of irregularlyshaped, east-west oriented depressions located immediately north of topographic promontories in southwest
Tyrrhena Terra. Our map-based investigation was designed to identify and temporally and spatially constrain the geologic units that make up the Martian cratered highlands and to gain an improved understanding
of the range and interaction of geologic processes that
they imply. We identify, describe, and subdivide geologic units based on dominant grayscale tone, meterscale texture, and lateral continuity as observed in a 0.5
m/px orthoimage derived from HiRISE stereo-pair
ESP_03124_1525 and ESP_032069_1525. These images are supplemented by the stereo-derived DTM (1.5
m/post). We constructed >30 stratigraphic sections to
detail and laterally correlate unit and subunit characteristics [1] and determined strata orientations using LayerTools [2]. Mapping was facilitated by extracting multiple topographic profiles and using 3-D renderings.
We also used CTX, HRSC, and THEMIS daytime and
nighttime IR mosaics to link local observations to surrounding terrains, which is proving critical to ascertaining potential origin. All mapping was completed using
ArcGIS software. Here, we provide bulk characteristics
for major unit groups and offer interpretations regarding their potential origin and evolutionary sequence.
Results: We map four unit groups that form the
bulk of wall-rock and floor units within Hadriacus Cavi
(not including surficial units). In general, light-toned
strata form steep (up to 60°) slopes and scarps, implying increased erosional resistance compared to intervening dark-toned strata, which form shallower slopes
(<20°) and source pervasively-occurring surficial sediments. We map lineaments throughout the map area,
which generally parallel E-W and NE-SW regional
trends. Though we observe no widespread angular unconformities, we do observe local layer truncations as
well as units that laterally grade and/or pinch out. In
general, all mapped strata dip 2-6° to the northnorthwest, though moderate undulations are observed.
Basal Group. The basal group is topographically
and stratigraphically the lowest group in the study region, covers 8.1 km2 (6%) of the map area, and crops
out between -2492 and -2838 m elevation. It consists of
mostly massive, dark-toned material that contains at

least three apparently widespread light-toned layers
that form low-relief (<10 m) scarps, which shed meterscale blocks. A single light-toned outcrop that contains
angular, mostly interlocking blocks up to 10 meters in
diameter represents the base of the basal group in the
map region. Other than this outcrop and light-toned
scarps, the bulk of the basal group is slope-forming,
heavily obscured by dark-toned colluvium and dunes,
and displays few internal textures or features at orthoimage resolution. Interpretation: The pervasive
absence of internal stratification and discerning textural
characteristics as well as widespread burial by surficial
units makes ascertaining unit origin problematic. The
lowest light-toned unit may by a impact-related megabreccia, though the mostly interlocking nature of observe blocks implies post-emplacement fracturing.
Dark-toned subunits may be aeolian sand sheets with
intervening light-toned layers reflecting stable surfaces.
The contact with overlying units is obscured by surficial sediment, further complicating unit interpretations.
Cavi Group: The cavi group superposes the basal
group and forms the upper walls of the cavi located in
the study area. It covers 62 km2 (47%) of the map area
and crops out between -2185 and -2812 m elevation.
The groups consists of light- and dark-toned strata that
form scarps and slopes, respectively. The cavi group
contains a lowermost, 20-40 meter thick, light-toned
unit that is dominated by interlocking, meter-scale polygons with frequent submeter-scale dark-toned layers.
This unit forms mostly slopes, though scarps are not
uncommon. Columnar joints are locally observed in
some scarps. This unit appears to transition upward
into a mostly 20-50 meter-thick, light-toned unit composed of a blocky texture near the limit of image resolution as well as common meter-scale dark-layers. This
unit is characterized by symmetric and asymmetric
light-toned lenses with flat or rounded tops that commonly connect to meters-thick, light-toned layers that
either grade or pinch out. At least 90 of these lenses
occur in the map region; these range from 10 to >200
meters in width along outcrop (mean of 63 m) and from
1 to 13 meters in thickness (mean of 4 m). This unit is
superposed by a 20-30 meter-thick unit that is domnated by regularly-stratified, meters-thick light- and darktoned subunits that grade laterally. The uppermost unit
of this group represents a reference surface (informally
termed “level zero”) that occurs throughout Hadriacus
Cavi. Interpretation: We interpret cavi group units as
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volcaniclastic rocks and sediments. Units that contain
polygonal textures directly correlate to near-vertical
columns observed in scarps and lead us to interpret
these as columnar joints formed by cooling and contraction of lava or ashflow tuffs (ignimbrites). We favor the latter due to the absence of dark-toned, blocky
outcrops that have been observed and interpreted as
lava flow margins in other areas of Mars [e.g., 3]. Intervening, laterally grading, meter-scale dark-toned
strata may represent textural and/or compositional differences in volcaniclastic sediments and/or accumulations of sand-rich deposits. Superposing this potential
volcaniclastic unit, we interpret lens-like features as
channel cross-sections. Layer orientations and best-fit
surfaces through interpreted channel surfaces indicate
transport and deposition to the north-northwest. Noting
lateral gradation and pinch-outs but an overall lack of
layer truncations, we postulate that these units may be
remobilization deposits that superpose primary pyroclastic units wherein channel widths and depths suggest
an aggrading, mixed-load dominated, subaerial channel
system with low to moderate sinuosity [4]. We interpret the superposing light- and dark-toned stratified
units that define the uppermost cavi group as sand
sheets and possibly alluvial and/or thin ashfall units.
Impact craters that superpose the cavi group indicate
the surface was somewhat stable, undergoing neither
significant erosion or deposition for a period of time.
Mons Group. The mons group forms and crops out
at the margins of irregularly-shaped hills located above
the “level zero” reference surface. It covers 14 km2
(10%) of the map area and crops out between -2117
and -2505 m elevation. The mons group consists of
mostly massive, light-toned units and subunits with
meter-scale polygons and some angular, interlocking
blocks, though laterally discontinuous, dark-toned,
blocky outcrops are not uncommon. We also observe
some possible large-scale cross-stratification as well as
laterally variable thicknesses of some mons group units
and subunits. Dark-toned, meters-thick layers exist but
are not vertically or laterally widespread. Mons group
strata form continuous, steep slopes with intermittent
scarps. Dip directions of mons group strata vary significantly. Interpretation: We interpret mons group strata
as a sequence of volcanic rocks and sediments, perhaps
including some remobilized detritus. The light-toned,
polygonal nature mimics units of the cavi group and
lead us to infer a volcaniclastic origin, perhaps as airfall or ashflow. Though we do not observe columns in
the mons group, we do observe laterally discontinuous,
dark-toned and blocky outcrops that are texturally similar to units interpreted as lava flows in other regions of
Mars [3].
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Palus Group. The palus group crops out in the
northern part of the map area along the topographic
scarp separating Hadriacus Palus from Hadriacus Cavi.
The group covers 14 km2 (11%) of the map area and
crops out between -2640 and -2802 m elevation. It
consists of a lowermost, light-toned stratified to massive unit, a light-toned unit composed of meter- to decameter-scale polygonal (interlocking) or angular (interlocking and non-interlocking) blocks, and an uppermost light- and dark-toned stratified unit. The palus
group superposes the cavi group and exhumed palus
group strata are locally overlain by ejecta from a 2 kmdiameter crater located outside of the map area to the
east. Palus group strata show an average dip of 3° to
the south, though some layers – particularly lower sections – show slight northward dip. Interpretation: The
origin of palus group units is unclear. A southward dip
of some of these units constrasts most other mapped
units in the region, which show a northward dip. We
interpret these units as primary and remobilized volcaniclastic deposits sourced from the south (perhaps
stratigraphically and geologically equivalent to mons
group units) as well as fluvial, debris flow, and possibly thin lacustrine (?) deposits related to Napo and
Huallaga Valles to the north and east, respectively.
Discussion: We interpret the geologic units
mapped in central Hadriacus Cavi as a sequence of
predominantly volcaniclastic sediments that were peridocially remobilized by northward flowing fluvial systems and which abutted and interfingered with sediments sources form larger-scale highland channels that
eroded highland surfaces to the north and east. Though
much of the previous work in this and other circumbasin highland areas has entrenched the idea that ancient topographic promontories are uplifted crustal
blocks related to basin-scale impacts [e.g., 5], we identify unit characterisics that implicate proximal volcanic
activity. The overall lack of widespread unconformities
in our map region suggest a large source of material,
which can be only be accounted for by near-field volcanism. These observations necessitate a re-evaluation
of whether local topographic promontories are indeed
impact-uplifted blocks or whether some may be vestiges of ancient highland caldera.
References: [1] Barton, M. L. et al (2017), LPS
XLVIII, Abstract #2290. [2] Skinner, J. A., Jr. et al.
(2017), LPS XLVIII, Abstract #2694. [3] Grotzinger, J.
P. and Milliken, R.E. (2012), SEPM Spec. Pub., No.
102, p. 1-48. [4] Gibling, M. R. (2006), J. Sed. Res., v.
76, p. 731-770. [5] Tanaka, K. L. et al. (2014), USGS
SIM 3292, 1:15,000,000 scale.
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GEOMETRIC CALIBRATION OF THE CLEMENTINE UVVIS CAMERA. E. J. Speyerer1, R. V. Wagner1,
and M. S. Robinson1, 1School of Earth and Space Exploration, Arizona State University, Tempe, AZ.
Introduction: The Clementine spacecraft launched
in 1994 as part of a joint program between the Strategic Defense Initiative Organization and NASA [1].
During the mission, the Ultraviolet/Visible (UVVIS)
camera [2,3] collected over half a million images of
the lunar surface, which were later reduced into a
global multispectral mosaic and a series of mineralogy
and maturity maps [4-8].
To facilitate mapping exercises, efforts were made
to geodetically control the images into a global control
network. Specifically, in the late 1990’s, the United
States Geologic Survey (USGS) and the RAND Corporation used over 500,000 match points to systematically control 43,871 images used in the 750 nm global
basemap [3,4,9] to derive the Clementine Lunar Control Network (CLCN). However, this triangulation
ignored topographic effects (i.e. assumed a spherical
Moon with a radius of 1737.4 km) that resulted in scale
and positional errors. Later investigations showed the
existence of 8 to 10-km horizontal offsets in the resulting maps due to extreme “corrections” in camera orientations [10].
Later work improved upon this initial control network, with the creation of the Unified Lunar Control
Network (ULCN) 2005 produced by the USGS [11].
While the ULCN 2005 included the local radius of the
Moon during image triangulation, significant offsets
(mean = 1.09 km; median = 1.59 km) remain when
compared to the current lunar reference frame.
For this study, we are using images acquired by the
Lunar Reconnaissance Orbiter Camera (LROC) Wide
Angle Camera (WAC) to update the Clementine
UVVIS internal and external orientation parameters to
enable precise and accurate map products that align
with the latest geodetic reference frame.
Clementine UVVIS Camera: The Clementine
UVVIS framing camera was capable of acquiring images in five different narrow bandpasses (415, 750,
900, 950, and 1000 nm) as well as a single broadband
filter (400-1000 nm) using a filter wheel. The 5.6° ×
4.2° field of view and 384 × 288 pixel CCD enabled
the UVVIS camera to acquire images with a ground
sampling distance of 115 m from an altitude of 425 km
(although the point spread function of the optics reduces the true resolution).
LROC Wide Angle Camera: The LROC WAC is
a push frame camera capable of providing images in
seven different color bands (321, 360, 415, 566, 604,
643, and 689 nm) [12]. The WAC has a 90° field of
view in monochrome mode and a 60° field of view in
multispectral mode. From an altitude of 50 km, the
WAC acquires images with a nadir pixel scale of 75
meters for the visible filters (384 meters for the UV

filters). The WAC images almost the entire Moon each
month, capturing the lunar surface under a variety of
lighting conditions over time. Using the latest LRO
ephemeris provided by the Lunar Orbiter Laser Altimeter (LOLA) and Gravity Recovery and Interior
Laboratory (GRAIL) teams and the refined LROC
camera model parameters, WAC images have a geodetic accuracy of better than 45 m [13].
Controlling UVVIS and WAC Images: In order
to improve the observational geometry of each Clementine UVVIS image, we first identified LROC WAC
images acquired under similar lighting conditions (i.e.
difference in sub-solar point between observations <
5°) that cover the UVVIS field of view. In many cases,
a single Clementine image may match multiple WAC
observations due to significant overlap at higher latitudes and the extensive temporal coverage resulting
from over 7.5 years of WAC observations.
After radiometric calibration and photometric correction, each WAC image is map projected to the surface using a global DTM (GLD100) [14]. These procedures are carried out using Integrated Software for
Imagers and Spectrometers (ISIS) [15], which is developed and maintained by the USGS. The odd and
even WAC framelets are mosaicked into a single
mapped image. The mapped WAC image is then transformed back into the UVVIS camera space using an
ISIS utility called map2cam. This enables each feature
in the UVVIS image to be tied to a unique line and
sample in the WAC observation.
The UVVIS/WAC image pairs are then coregistered using a series of control points automatically
derived using an ISIS utility called findfeatures that
applies feature-based matching algorithms. The software takes advantage of the OpenCV framework,
which allows the user to select from a broad range of
feature detectors, extractors, and matchers [16].
Geometric Calibration of the UVVIS Camera:
The interior and exterior orientation parameters used
by ISIS and NASA's Navigation and Ancillary Information Facility (NAIF) are stored in a series of SPICE
kernels. As part of this investigation, we are updating
the interior and exterior orientation parameters archived in the Clementine UVVIS Instrument Kernel
(IK), the C-Matrix Kernel (CK) and the Frames Kernel
(FK). In addition we will be assessing the quality of a
series of independently derived ephemeris kernels
(SPKs) from Goddard Space Flight Center (derived in
1994), Navel Research Laboratory (1994) and Jet Propulsion Laboratory (2007).
Interior Orientation. From the output of findfeatures, we have collected thousands of UVVIS line and
sample coordinates tied to points on the lunar surface
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(latitude, longitude, and radius) using coordinates of
the corresponding feature identified in the WAC image(s). Using procedures developed for in-flight calibration of the LROC WAC [13], we are able to derive
a precise focal length, optical boresight (line and sample), and accurately describe optical distortion of the
UVVIS camera. Preliminary results showed evidence
of lateral chromatic aberration in the UVVIS optics.
The aberration introduces a 0.14% difference in magnification or 0.7 pixel error corner to corner when
comparing the 415 nm band images to images acquired
with the 1000 nm filter. Due to this band dependent
distortion, we derived optical distortion parameters for
each band and included radial and tangential distortion
terms:

(
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+ 2y ) + 2P x y )
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where (xd,yd) are the observed, distorted pixel coordinates, (xc,yc) are the ideal pixel coordinates, k2 is the
radial distortion coefficient, r is the radius of the ideal
pixels from the boresight, and P1 and P2 are tangential
distortion terms (Table 1).
Exterior Orientation. The exterior orientation parameters are stored in the C-Matrix Kernel (CK),
Spacecraft Position or Ephemeris Kernel (SPK), and a
Frames Kernel (FK). The CK stores the relative orientation of the spacecraft with respect to a base reference
frame such as J2000. The FK contains the fixed angular offset of the UVVIS camera with respect to to the
spacecraft. This information along with the spacecraft
position or ephemeris data stored in the SPK can be
used to fully describe the location and orientation of
the camera for each observation.
To adjust for offsets in the placement of UVVIS
images on the lunar surface, the orientation (CK and
FK) and/or spacecraft location (SPK) can be corrected.
An adjustment to the spacecraft location or orientation
will cause the image to shift along the surface when
projected (Fig. 1). Adjusting the CK can introduce a
small distortion that causes pixels on one side of the
frame to be translated further than pixels on the opposite side (Fig. 1b). However, these effects are small
given the offset observed in UVVIS images and the
altitude at which the images were acquired (Fig. 1c).
Therefore, we are only adjusting the orientation of the
UVVIS camera. Any systematic offsets will be compensated for with a fixed change in the FK while the
remaining offsets will be accounted for in the CK that
stores orientation information for each UVVIS observation.
SPICE updates: Once the exterior orientation parameters are refined for each UVVIS image, a new IK,
FK, and CK will be generated and released via NAIF
and included in an upcoming ISIS distribution. With
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these new kernels, images can be map projected with
sub-pixel accuracy to the geodetic grid defined by the
LRO mission, thus enabling quick cross-mission analysis without the need to manually align the datasets.
References: [1] Nozette et al. (1994) Science, 266,
1835–9. [2] Kordas et al. (1995) SPIE Proceedings,
2478, 175–186. [3] McEwen and Robinson (1997)
Adv. Sp. Res., 19, 1523–1533. [4] Edwards et al.
(1996) LPS XXVII, Abstract #1168. [5] Lucey et al.
(1998) JGR, 103, 3679. [6] Robinson et al. (1999) LPS
XXX, Abstact #1931 [7] Lucey et al. (2000) JGR., 105,
20297. [8] Lucey et al. (2000) JGR, 105, 20377 [9]
Davies et al. (1996) Int. Moon Workshop [10] Cook et
al. (2002) AGU Fall Meeting, Abstract #P22D-09 [11]
Archinal et al. (2006) USGS Open-File Report 20061367, 1-12 [12] Robinson et al. (2010) Space Sci. Rev.,
150, 81–124. [13] Speyerer et al. (2016) Space Sci.
Rev., 200, 357–392. [14] Scholten et al. (2012) JGR,
117, E00H17. [15] Anderson et al. (2004) LPS XXXV,
Abstract #2039. [16] Garcia et al. (2016) Learning
Image Processing with OpenCV, 232.
Table 1- UVVIS interior orientation parameters
fl (mm)
k2
P1
P2
415 nm
89.8728 3.62e-5 -2.94e-5 5.26e-5
750 nm
89.9758 4.16e-5 -2.47e-5 3.99e-5
900 nm
89.0011 4.40e-5 -2.51e-5 4.56e-5
950 nm
89.9944 4.17e-5 -2.50e-5 4.93e-5
1000 nm 89.9926 4.27e-5 -2.92e-5 4.79e-5

Fig. 1- Image distortion due to SPK vs. CK adjustments. The difference (b-a) normalized to the altitude
dependent ground sampling distance (GSD) of the
UVVIS camera indicates that adjusting just one of the
parameters will result in a precise solution (error <
0.01 pixel for typical orientation adjustments).
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AUTOMATED CONTENT DETECTION FOR CASSINI IMAGES. A. Stanboli1, B. Bue2, K. Wagstaff3, and A.
Altinok4, 1-4Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Dr. Pasadena, CA 91109
(Alice.Stanboli@jpl.nasa.gov).
Introduction: After almost 20 years in space,
NASA's Cassini spacecraft has delivered more than
800K images. While many of these images contain invaluable views of this unique region of the solar system,
quite a few of them are navigation or calibration images
or contain transmission artifacts. To locate content in
this image set is a challenge for scientists. We report on
an automated content detection system that aims to address this problem.
Image content detection: To detect content in Cassini images, we employ deep convolutional neural networks (CNN), [2]. CNNs have shown significant promise in other areas, such as image [3] and speech [4]
recognition, and language translation [5]. CNNs organize image content in increasingly complex representations starting at the pixel level up to entire objects, such
as rings, craters, moons, and so on. Lower-level information, such as edges, corners, etc., are common to all
content. The specifics of how the low-level information
gets combined into high level representations is unique
to the domain and requires training of the network with
target content and associated labels.
Training CNNs: To start our training, we adapted
the pretrained CNN [1] based on the ImageNet architecture [2] using the Caffe framework [6]. To train the
CNN, we randomly sampled 10K images from the Cassini archives in the Planetary Data System Image Atlas.
Each image was associated with one or more of 53 individual classes, organized in 19 visual categories including craters, rings, horizon, plumes, surface viewpoint,
navigation, moon phases, artifacts, exposure. The labels
were chosen such that all image content in the training
set were mapped to a descriptive word as Cassini scientists use when searching Cassini images. Example images from the training set are shown in Figure 2.

Figure 2: A sampling of Cassini images showing various
content for which we created individual labels. From left to
right, the labels for these images included: craters, transient, rings, overexposure, multiple objects, and ripples.

Results on Cassini Images: An individual CNN
was trained for each catefory to output a binary decision
value to indicate if the image belongs to a member class
or not. CNNs also output a posterior probability of each
classification, which can be interpreted as its confidence
in the prediction. Results from the CNNs that were
trained to detect “navigation” and “crater” images are

C:
N:

0.01
0.01

0.01
99.8

82.7
0.01

25.1
0.01

98.4
0.01

Figure 1: Example results of CNNs trained to detect images
containing craters (C) and navigation (N), i.e. only distant
stars. Scores are posteriors scaled to 0-100.

shown in Figure 1. In all cases in this sample, the CNNs
were able to classify the image content into crater and
navigation classes correctly.
We note that not all classes had examples that were
equally distributed in the sampling of 10K training images. Some classes had very few examples, while others, such as navigation images, had significantly more
examples. For the classes with fewer examples, we
opted to augment the number of images by creating new
images derived from the original sample. For each image, we generated 40 new images by applying rotations
and shifts of image pixels in both directions.
Category
Train
Artifact (2)
4491
Body (4)
5223
Clouds (2)
7978
Craters (2)
5796
Distance (7) *24552
Haze (3)
10248
Horizon (2)
5530
Multi Obj (2) 5846
Nav (2)
5589
Noise (3)
8148
Over Exp (2) 6610
Phase (5)
13364
Plume (2)
9725
Ring (3)
5383
Ripple (2)
5592
Sky (3)
6368
Surface (2)
6036
Transient (3) 9074

Test
2246
2224
2363
1365
4299
3166
1764
1290
1675
2317
2614
2573
2591
596
2295
507
3019
2781

Mean
99.6
84.2
99.8
100.0
92.1
97.7
88.6
84.8
99.8
93.6
100.0
93.1
99.8
98.4
100.0
90.2
99.4
96.1

Min
99.2
68.4
99.5
100.0
81.0
94.3
77.1
69.7
99.6
83.3
99.9
78.6
99.6
97.7
100.0
81.5
98.7
93.7

Table 1: Results for all trained classes in different categories. Numbers in each category indicate the number of binary classes considered in that category. (*) Training and
testing image counts include augmentation.
Table 1 shows detection scores on all categories.
Each category can contain one or more binary classes as
indicated by the parenthetical numbers in the category
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columns. Counts of positive classification are given as
percentages. The “Mean” column shows average counts
of correct detections for all classes combined in that
category, while the “Min” column presents the
minimum percentage of correct assignments across the
classes of that category.
Results on images from non-Cassini Missions:
Once designed and tested on Cassini images, a natural
extension for this work was to test it on images from
non-Cassini missions. For that purpose, we randomly
selected a handful of images from the Galileo, Mars
Global Surveyor (MGS), Lunar Reconnaissance Orbiter
(LRO), and Magellan missions. Table 2 shows example
detections from these images. The craters in the LRO
image were missed, likely because of the automatic image resizing in Caffe framework.

Mission:
Craters:
Navigation:

Galileo
0.01
0.02

MGS
0.01
0.02
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in which scientists interact with mission archives in several ways. Given images or even specific objects in images, archives can now be searched for similar content,
or entire archives can be reduced to a handful of relevant
image candidates to examine visually by filtering out irrelevant content.
We developed a prototype of this capability that is
available to the users of Atlas portal at the Planetary
Data System for the Cassini mission:

http://pds-imaging.jpl.nasa.gov/search/
Note that a complete vocabulary of labels describing
scientifically relevant content is a dynamically changing
list. Thus, introducing new labels will be necessary.
This requires fine-tuning of the deep neural networks
with the new content. CNNs are well-suited for this task
because they reduce the training effort by utilizing previously trained network layers as a starting point.
While CNNs are primarily developed for image
based data, images are not the only data type that can
benefit from CNN applications. The main challenge in
such applications will be to develop a very large training
set such that CNNs can be trained from scratch.
Lastly, onboard deployment of maturing CNNs can
facilitate various autonomous functions, such as data triage, targeting, risk evaluation, and navigation.
References:
[1] B. Zhou et al., “Learning Deep Features for Scene

Mission:
Craters:
Navigation:

LRO
0.20
0.01

Magellan
21.1
0.03

Discussion: The results presented in this work are
promising for enabling content-based search in various
NASA mission archives. It is readily adaptable to other
NASA images than Cassini by training the CNNs on
content that is not already encountered by the CNNs.
During this work, we found that certain classes were
represented in significantly larger numbers than others.
After augmenting the training data for the classes with
fewer examples, we observed a significant increase in
detection accuracy in smaller classes. In practice, this
and similar issues will need to be remedied before successful application of CNNs in other NASA archives.
Content-based image search is an important tool for
scientists, who frequently have to search images manually or write ad-hoc scripts to retrieve images meeting
certain criteria. This capability can transform the way

Recognition using Places Database”, vol. 27,
Advances in Neural Information Processing
Systems, 2014.
[2] I. Sutskever, G. Hinton, and A. Krizhevsky,
"Imagenet classification with deep convolutional
neural networks ," Advances in Neural Information Processing Systems, pp. 1097-1105, 2012.
[3] C. Szegedy et al., "Going deeper with convolutions", in arXiv:1409.4842, 2014
[4] G. Hinton et al., "Deep neural networks for acoustic

modeling in speech recognition: The shared views
of four research groups", in Signal Processing Magazine, vol. 29(6), 2012, pp. 82-97.
[5] M. T. Luong, H. Pham, and D. C. Manning,
"Effective approaches to attention-based neural
machine translation", in arXiv:1508.04025, 2015.
[6] Y. Jia et al., "Caffe: An open source convolutional

architecture for fast feature embedding", Proc. of
the 22nd ACM ICML, vol. (4), pp. 675-678, 2014.
http://caffe.berkeleyvision.org/
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PDS ANALYST’S NOTEBOOK FOR MSL AND MER. T. C. Stein1,, R. E. Arvidson2, and F. Zhou3, 1Washington
University in St. Louis, 1 Brookings Drive, CB 1169, St. Louis, MO 63130, tstein@wustl.edu, 2arvidson@wunder.wustl.edu, 3chow@wunder.wustl.edu.
Introduction: The PDS Analyst’s Notebook
(http://an.rsl.wustl.edu) [1] provides access to science
information from several of NASA’s landed missions:
Mars Science Laboratory [2], Mars Exploration Rover
(MER) [3], Mars Phoenix Lander [4], LCROSS, and
Lunar Apollo surface mission data archives.
The Analyst’s Notebook enriches data archives by
integrating sequence information, engineering and science data, observation planning and targeting, and documentation into web-accessible pages to facilitate “mission replay”. In this paper, we focus on the Analyst’s
Notebooks for MSL and MER.
Populating the Notebook: The Analyst’s Notebooks for MSL and MER contains data, documentation,
and support files for a given mission. During active mission science operations, inputs are incorporated on a
daily basis into a science team version of the Notebook.
This approach assists with data validation and builds on
strong collaboration between data producers and PDS
archivists that begins soon after mission selection with
creation of the project data management and archive
plans.
The public versions of the MSL and MER Analyst’s
Notebooks are comprised of peer-reviewed, released
data and is updated coincident with PDS data releases
as defined in mission archive plans. All data and documents have been ITAR cleared.
Data. The Notebooks for MSL and MER contain
publicly released, peer-reviewed PDS archives from all
science instruments. The data are provided by the instrument teams and are supported by documentation describing data format, content, and calibration.
Both Operations Products Generation Subsystem
(OPGS) and Science data products are included in the
Notebook. The OPGS versions are generated to support
mission planning and operations on a daily basis. They
are geared toward researchers working on machine vision and engineering operations. Science versions of observations from some instruments are provided for those
interested in radiometric and photometric analyses.
Documents. The MSL and MER Notebooks contain
data set and sol (i.e., Mars day) documents. The sol documents are the mission manager and documentarian reports that provide a view into science operations—insight into why and how particular observations were
made. The reports have not been edited except for grammar and spelling, and to remove spacecraft and instrument sensitive materials.
Data set documents contain detailed information regarding the mission, spacecraft, instruments, and data

formats, including calibration information and errata
when provided by the MSL and MER projects.
Science Plans. Observation planning and targeting
information is extracted from each sol’s science plan
and presented in both timeline and list form. Effort has
been made to link source commands with resulting data
products, albeit with limits due to the absence of round
trip data tracking.
Targets. Objects of interest that have been classified
as targets by the science team are included in the MSL
Notebook. The location and a finder image for each target are given, as well as a list of additional images of the
target when available.
Navigating through the Notebook: With the updated interface in January 2017, the Notebook is transformed into a single-page web application (Fig. 1). Users may switch between sections without losing their selections.
Mission Summaries. A searchable and sortable summary table provides an overview of surface operations
by sol. Links enable quick access to details for a given
sol.
Sol Summaries. The Sol Summaries are the primary
interface to integrated data and documents contained
within the Notebook. Data, documents, planned observations, targets and mosaics are grouped for easy scanning. Detailed information is displayed as items are selected by the user.
Data products are displayed in order of acquisition,
and are grouped into logical sequences, such as a series
of image data. Sequences and the individual products
that comprise them may be viewed in detail and downloaded, either directly or as part of a cart order.
Detail data product views vary by instrument. PDS
labels, data set documents, and activity details are available for all products. In some cases, derived data also
are available. Image data are presented in both browse
and full-resolution versions.
Maps. The rover traverse is plotted on a HiRISE
basemap using the raw and corrected drive telemetry
provided by the project. Users may zoom and pan the
map. Clicking on a traverse location brings up links to
corresponding data.
Searching. The Notebook supports searches on data
products, sol documents, and targets. Data products may
be searched by time (sol, spacecraft clock time, and
UTC date), location (rover-specific site and position),
instrument, command sequence, product type, image
eye and filter, product type, and product ID. Sol documents may be searched by type, and time, filename. In
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addition, free text searches are supported. Targets may
be searched by name, time, and location. Searches can
be bookmarked for later recall.
Resources. Data set documents and references to
published mission papers are contained in the Resources, along with links to related web resources.
Online Help. Guidance is provided through a series
of searchable help pages. Topics include release notes,
landing site, coordinate frame, instruments, data processing, and data product file naming and structure.
User Accounts: The public MSL and MER Notebooks allow users to optionally create and use personal
accounts for an enhanced experience. Using an account
gives the user synchronized history, bookmarks, and
cart settings across browsers and machines. User history
and bookmarks are for individual use only and are not
shared or made public. An account is not required for
the cart order function.
Context Mosaics: The PDS data archive for MSL
includes mosaics generated by the science team from
Navcam data. However, sometimes sequences of single
frame images are acquired for the purpose of creating a
mosaic without a formal data product being archived.
For these cases, we have created mosaics from the single frame images to provide context, and have included
them in the MSL AN.
Context mosaics, which are not calibrated science
products, are created from Navcam, Mastcam and
MAHLI images. Projection information for the context
mosaics is available in the EXIF data that are part of the
embedded JPG file header with each mosaic.
Image Measurement and Drawing Tools: The
Notebook assists users with image analysis via the included Image Viewer. (The Image Viewer is accessed
from an image product detail page by choosing Product
views > Image viewer from the menu bar.)
Measurement tools provide location and distance
measurements for images with stereo coverage from the
Hazcam, Navcam, and Pancam instruments. In addition,
elevation profiles may be created. Data values are ob-
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tained from paired visible and XYZ archive data products generated by science teams.
Drawing tools allow the user to add shapes and text
to any single-frame image, regardless of stereo coverage. Supported shapes are lines, arrows, rectangles, ellipses, polygons, and polylines. Text may also be added
to images.
All annotations are saved for later use and both
measurement data and annotated images may be downloaded.
Additional Features: Features continue to be added
to the Notebook to improve usability. The additions are
based on feedback from the user community.
Data Ordering via Cart. Data and documents may
be ordered using a cart paradigm common to commerce
web sites. Selected items may be added to the user’s cart
in the Sol Summaries and Search portions of the Notebook. Users may elect to receive a zip file of data or
display a web page of links to requested items.
Data transformation. In addition to PDS versions of
data, images may be saved in JPEG format and in
stretched or unstretched, lossless PNG format. This option is available on image product detail pages and may
also be applied to all images ordered using the cart.
Future Development: A number of Notebook functions are based on previous user suggestions, and feedback continues to be sought. (User feedback should be
submitted to an@wunder.wustl.edu or by using the
online form.) Work continues to incorporate additional
features, especially in the areas of related observations
and visualization, as well as data transformation.
Acknowledgement: The Analyst’s Notebook is developed through funding provided by the NASA Planetary Data System Geosciences Node. Ongoing cooperation of the MSL and MER science and operations teams
is greatly appreciated.
References: [1] Stein, T.C. et al. (2010), LPS XLI,
Abstract #1414. [2] Grotzinger, J. et al. (2012) Space
Science Reviews, 170, 5-56. [3] J.A. Crisp et al, JGR,
108(E12), 8061, doi:10.1029/ 2002JE002038, 2003. [4]
Arvidson, R.E. (2008) JPL Document D-29392.

Fig. 1. Example MSL Analyst’s Notebook web page.
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THE CE5 SCIENTIFIC DATA PRODUCTS USING PDS4. X. Tan 1,2 , J.J.Liu1,2, X.G.Zeng1,2, W.Zuo1,2and
C.L.Li1,2, 1National Astronomical Observatories, Chinese Academy of Sciences,Beijing 100012,China., 2Key Laboratory of Lunar and Deep Space Exploration,National Astronomical Observatories, Chinese Academy of Sciences,Beijing 100012,China. (tanx@nao.cas.cn, liujj@nao.cas.cn, zengxg@nao.cas.cn, zuow@nao.cas.cn,
licl@nao.cas.cn)

Introduction:
The Chang’e 5(CE5) will be
launched in 2017. The CE5 data will be archived and
distributed to the scientific community through the
CNSA’s ground research and application system
(GRAS). All data will be compliant with NASA’s
Planetary Data System (PDS4) standards for formatting
and labelling files. This paper summarizes the format
and content of the CE5 data products and associated
metadata.
CE5 Scientific Payloads: The CE5 spacecraft
consists of four modules - a Service Module, a Return
Vehicle, the Lander and the Ascent Vehicle. And the
are four payloads are equipped on the lander, who are
the Panoramic Camera (PCAM), the Descending Camera (LCAM), Lunar Regolith Penetrating Radar(LRPR)
and Lunar Mineralogical Spectrometer(LMS), which
will investigate the geological structures and minerals
compositions of the sampling area, and integrate exploration of the structure of landing site interior.
PDS4.0: PDS4 is an object-oriented system based
on a central Information Model, from which everything
within the system is defined explicitly. This differs
greatly from PDS3 and provides continuity across discipline nodes, which has not been present in the past.
PDS4 is product-centric. A “product” is defined as
a label file and the object (data, document, etc.) it describes.The new system replaces the use of ODL (managed by JPL/Caltech, used only by PDS) with eXtensible Markup Language (XML)[1].
There are four fundamental data structures that may
be used for archiving data in the PDS. All products
delivered to the PDS must be constructed from one or
more of these structures. These four fundamental
structures are described using four base classes: Array
(used for homogeneous Ndimensional arrays of scalars), Table_Base (used for repeating records of heterogeneous scalars), Parsable_Byte_Stream (a stream of
bytes that can be parsed using standardized rules), and
Encoded_Byte_Stream (an encoded stream of bytes).
All other digital object classes in the PDS are derived
from one of these four base classes.[2]
The PDS4 Data Dictionary (DD), which is an adjunct to the PDS4 Information Model (IM), define
classes and attributes used in PDS4 XML files by specifying tags, their meanings, and the acceptable values
(including structure) that may appear as content. The

key words can be used to provide all of the information
required to access and analyse the data. [3]
CE5 data products: Change’s data product are
categorized into three levels including level 0, level 1
and level 2. [4] Only Level1 and Level2 data products
are compliant with NASA’s Planetary Data System
(PDS) Standards. Level1 data are uncorrected, and
Level 2 data are further processed with radiometric
calibration, approximate geometric correction, photometric calibration, etc.. One basic CE5 product includes one or more data objects and their lable. For
each product, there is only one lable to describe the
contents and format of each individual product. The
Introduction of the CE5 data products are as follows:
Data Lable. CE5 data lables are followed the general structure which is defined by the PDS4(see Fig.1).
We give the attribute value of each class according to
the PDS Data Dictionary. As above mentioned, the
mission specific classes and attributes are defined in
CE5 local data dictionary, and these information are
described in mission area- a subclass of the Observation_Area.

Fig. 1 lable structure
Data Object. In CE5 mission, one or two data objects constitute a single observation, one is the main
observation data(for example one or more image), the
other (if there)is the auxiliary telemetry data, which
prefix the observation data.The data structure of each
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payload are as follows(see table1). i)We use the Array_3D_Image to store multiple image, the three dimensions are respectively time, line and samples. The
Array_3D_Image are also used to storage a color image.(i.e. PCAM Level 2C data product is a color image
which have a color restoration and color correction,
based on level 2B data.). ii) We use the Table_Binary to
store the LRPR data. iii) We use the Table_Character to store
the spectral data and the auxiliary telemetry parameter.

Table 1: data structure of each payload
Level1
PCAM

LCAM

LRPR
LMS
(Visible
band)
LMS
(medium
wave,
shortwave,
and near
infrared
band)

LevLev
el2A
el2B
Array_2D_Imag
e

Array_3D_Ima
ge
Table_Charact
er
ArArray_3D_Ima ray_2D_Imag
ge
e
Table_Binary
Array_3D_Image
Table_Character

Level2C
Array_3D_Ima
ge

none

none

Table_Character

Local Data Dictionaries. In CE5 mission, the data
products are followed with PDS Data Dictionary Version 1.5.0.0. Beyond that, we also maintain our own
‘CE5 Data Dictionary’, appending many of our own
‘local data dictionaries’ to specify information pertinent only to individual CE5 mission.
Ten classes are defined in CE5 Data Dictionary,
they are:
Work_Mode_Parm: Describes the parameters associated with the scientific payload work mode, including
exposure_mode, automatic_exposure_mean_gray, exposure_gear, gain, etc..
Instrument_Parm: Describes the parameters of the
sensor, including focal_length, pixel_size, principle_point_coordinate, etc..
Processing_Parm: Describes the coefficient of the
data processing model for each level.
Lander_Location: The longitude, latitude and the
reference_frame are given in this class.
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Grid_Point_Location: The longitude and latitude
with the row and column numbers where they form a
subclass, to describe the location of the grid point in
moon coordinate system.
Vector_Cartesian_3_Position: The Cartesian 3D
position of antenna1 to antenna12 for LRPR are given
in this class.
Vector_Cartesian_3_Pointing: The observation
vector of four corner point and center point are given
in this class.
Exterior_Orientation_Elements: The camera center
position and rotation angle are given in this class.
Besides this, the pitch and yawing are given in “Rotation_angle” class as a attribute. And the incidence
angle, azimuth angle and phase angle of four corner
point and center point are given in “Angle_pointing_results” class.
References:
[1] Neakrase L. D., Huber L. F., Beebe R. F., et
al.(2014) LPSC 45th , Abstract #1417. [2] PDS Standards Reference 1.4.0 (2015).[3] PDS4 Concepts Version 1.4.0(2015). [4] Tan, X., Liu, J. J., Li, C. L., Feng,
J. Q., Ren, X., Wang, F. F., ... & Zhang, Z. B. (2014).
Scientific data products and the data pre-processing
subsystem of the Chang'e-3 mission. Research in Astronomy and Astrophysics, 14(12), 1682.

3rd Planetary Data Workshop 2017 (LPI Contrib. No. 1986)

7075.pdf

EXTRACTING CRATER SHAPE INFORMATION FROM NARROW ANGLE CAMERA DTMS. T. J.
Thompson1, P. Mahanti1, and M. S. Robinson1 and the LROC Team, 1Lunar Reconnaissance Orbiter Camera Science Operations Center, School of Earth and Space Exploration, Arizona State University, 1100 S. Cady, Tempe,
AZ 85287 (tjthomp9@asu.edu).

Introduction: Digital Terrain Models (DTMs) of
the lunar surface derived from stereo images [1] obtained by the Lunar Reconnaissance Orbiter Camera
(LROC) Narrow Angle Camera (NAC) enable the detailed study of areas of interest. NAC DTMs have pixel
scales of 2 to 5 m, compared to 100 meter pixel scale
for the Wide Angle Camera (WAC) [2] GLD100. Thus
sites with NAC DTMs allow the study of landforms at
the scale of several meters (exploration relevant
scales).
Impact crater density is related to surface age [3,4].
Fresh craters with sharp rims, steep inner wall slopes,
and visible ejecta degrade to craters with broad or indistinguishable rims, shallow sloped walls, and no
ejecta [5-9]. The processes whereby craters degrade
over time include micrometeorite bombardment,
moonquakes, and direct obliteration from subsequent
impact [10-12].
Three dimensional shape information provides insight into crater age, degradation rate, and material
properties [13-19]. But, with so many craters existing
within any given image, a detailed study of their topography requires some automation to increase efficiency in multi-site comparisons (thousands of craters
per site). We developed a procedure to rapidly identify
craters, classify their degradation state, and automatically extract shape information enabling new quantitative landform analysis (Fig. 1).
Methods: Craters were identified in QGIS [20] and
ArcGIS CraterTools [21] software. Topography extraction, rim identification and adjustment, qualitative
classification, and quantitative metrics were completed
in MATLAB.
Crater identification. LROC NAC [22] orthophotos, DTMs [1], and slope maps were downloaded for
the Apollo 16 and Apollo 17 sites from the LROC archival site (http://lroc.sese.asu.edu/archive). QGIS
software was used to compute hillshade maps to aid in
crater identification. First, grids were generated for
both the small size limit (diameter = 30 m) and maximum size for the study (diameter = 300 m) to guide
digitization; grids were rendered semi-transparent
overlaying the imagery. Then, the image was scrolled
while cycling the slope, hillshades, and orthophotos
from which the analyst identified craters. Craters were
digitized as polygons using a click and drag circle tool
in QGIS or a 3 point rim selection in ArcGIS [21].
Two or more people made multiple passes over the

area in the digitization process to cross-check crater
identifications.
Crater shape extraction. The shaperead and geotiffread functions in MATLAB’s map toolbox
(https://www.mathworks.com/products/mapping.html)
allow shapefiles and GeoTIFF files to be imported into
a workspace as structures and matrices. For each feature (crater polygon) in the shapefile, the latitudelongitude pair defining each vertex in the polygon is
intersected with the underlying raster, and the inner
shape is filled to generate a mask layer (1 inside the
crater, 0 outside). The mean row and column index of
mask value 1 pixels gives the crater center index. An
approximate crater radius is derived from the mean of
the vertex coordinates defining the crater center and
the mean distance from the center to surrounding vertices. The script crops out a rectangle three times the
crater diameter in x and y dimensions from imagery
and topography layers for use in later classification and
calculations. Since the imagery and DTM overlay perfectly, the indices are equivalent for both layers. Several other parameters such as the central latitudes and
longitudes, and a crater mask are also stored in the
structure describing each crater. There is one structure
containing the variables for each individual crater at
this stage. The data in each crater structure includes
cropped imagery, topography, central latitudelongitude values, and initialized values for degradation
state, and presence or absence of a central feature.

Figure 1. (A) Crater plan view. (B) Approximated rim
in black. (C) Rim on 3d surface. (D) Rim positions
(black dots) from azimuthal profile. (E) Parameterized
fit circle. (F) Radial crater profile.
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Figure 2. Rim position interface. A mesh of the topography with the rim position (blue dots) are displayed. The user has the option of manually dilating or
contracting the rim positions.
Semi-automated rim identification. The fraction of
crater radius (0R at crater center, 1R at crater rim) allows comparison between larger and smaller craters.
One script generates an initial rim fit using the digitized polygon data as a guide. The baseline topography
is subtracted and a rim position is isolated at 1 degree
radial increments from the crater center. Next, a circle
is fit to the azimuthally stacked rim positions. The fit
circle describing the crater rim may then be interactively dilated or contracted by the user (Fig. 2) to correct for any peculiarities in the calculation from the
irregular landscape or craters which failed automated
processing.

Figure 1. Interface for qualitative classification and
central feature identification.
Qualitative classification method. Certain features
of crater shape change with degradation over time.
These features include the sharpness of the rim, the
presence of visible ejecta, and the steepness of interior
slopes [5-9]. Thus a qualitative relative freshness index

7075.pdf

separates craters into classes (A for freshest, B intermediate, C degraded) which we apply to our dataset to
compare to shape metrics [23]. Given the thousands of
craters in the 30 – 300 m size range of the sites, we
generated a MATLAB tool that lets the user go crater
by crater and visually classify the crater by degradation
state (Fig. 3). The script loads and displays a crater,
allowing the user to select the appropriate degradation
state and flag if the crater has a central feature. This
script makes the qualitative classification of all the
crater degradation states efficient and systematic.
Radial profile calculations. After the crater radius
is determined, other morphologic parameters are
logged along each azimuthal vector at a specified distance interval. Elevations, slopes, and curvatures are
calculated along fractions of the radius and compared
across craters.
Summary: We developed a procedure using different software tools and scripts to rapidly and accurately classify craters and extract their topography
from NAC DTMs. The methods outlined here were
used to obtain a preliminary comparison of crater morphology across the Apollo sites [24,25]. With modification, this procedure may be applied to the study of
other landforms.
References:
[1] Henriksen M.R. et al. (2017) Icarus, 283, 122-137.
[2] Scholten F. et al. (2012) JGR, 117, E00H17. [3]
Neukum G., et al. (1975), The Moon, 12, 201-229. [4]
Marcus, A.H. (1970), JGR, 75, 4977-4984. [5] Trask
N.J. (1967) Icarus, 6, 270-276. [6] Florensky, C., et al.
(1976), Earth, Moon, and Planets, 16, 59-70. [7] Bazilevskiy, A., and V. Popovich (1979), Intl. Geol. Rev,
21, 277-280. [8] Fassett, C. I., and B. J. Thomson
(2014), JGR, 119, 2255-2271. [9] Craddock, R.A.
(2000), JGR, 105, 20387-20401. [10] Soderblom, L.A.
(1970), JGR, 75, 2655-2661. [11] McGill, G.E. (1974),
Icarus, 21, 437-447. [12] Schultz P., and D. Gault
(1977), PLPSC, 2845-2862. [13] Bray, V.J. et al.
(2008), Met. Planet. Sci., 43, 1979-1992. [14] De Hon
R.A. (1982), PLPSC, 639-650. [15] Head, J.W. (1976),
PLPSC, 2913-2929. [16] Pike R. (1981) PLPSC, 845847. [17] Shoemaker, E.M. (1965) in: The Nature of
the Lunar Surface. [18] Smith, E.I., and J.A. Hartnell
(1978), The Moon and the Planets 19, 479-511. [19]
Croft, S.K (1978), PLPSC, 3711-3733. [20] QGIS
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1243-1254. [22] Robinson, M.S., et al. (2010). Space
Sci. Rev., 150, 81-124. [23] Basilevsky, A., et al.
(2014), PSS, 92, 77-87. [24] Mahanti, P., et al. (2017)
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COMMON WORKFLOW SERVICE: Standards Based Solution for Managing Operational Processes. A. W.
Tinio1 and G. A. Hollins2, 1NASA Jet Propulsion Laboratory (4800 Oak Grove Drive, Pasadena CA 91109, Adrian.W.Tinio@jpl.nasa.gov), 2NASA Jet Propulsion Laboratory (4800 Oak Grove Dirve, Pasadean CA 91109, Galen.A.Hollins@jpl.nasa.gov).

Introduction:
The NASA Advanced MultiMission Operation System (AMMOS) provides many
of the ground data system functions needed to design,
implement, and operate a Mission Operations System
(MOS). As the need for automation and orchestration
becomes more prevalent across the AMMOS functions, an effort was set underway to assess the use of
workflow technologies. This assessment has culminated in the formulation of the Common Workflow Service (CWS). The CWS is a collaborative and standards-based solution for managing mission operations
processes using techniques from the Business Process
Management (BPM) discipline [1]. Its goal is to provide a common process management solution that can
be used across multiple functional elements within the
AMMOS and therefore avoiding disparate workflow
implementations. To achieve this goal, the CWS leverages CamundaBPM [2], an open-source BPM solutions software, to design and implement a common
framework for defining, executing, managing, and
monitoring operational processes.
Common Workflow Service: CWS is a platform
that leverages existing Business Process Management
(BPM) technologies and software to design and implement a common framework for defining, executing,
managing, and monitoring processes. At the center of
CWS lies the BPMN v2.0 standard [3]; a leading industry standard that defines the language for graphical
modeling processes with semantics that can be executable.
CWS Platform Architecture. The CWS Platform
provides the core functionality of managing and executing BPMN 2.0 processes. The platform software
consists of the CWS Core, one or more CWS Workers,
a centralized database, and a message broker. The
platform architecture allows for a distributed system
where the CWS Workers can be spread across different
remote host machines. This distributed architecture
allows for different deployment topologies for different uses.

CWS
Platform
Architecture

Benefits. Leveraging CWS and BPMN 2.0 to model, deploy, execute and monitor processes has the following advantages:
• Processes can be represented graphically (i.e.
BPMN 2.0), and are easily understood / presentable to all stakeholders (from developers to managers).
• Processes can be easily modified / maintained
• Development process is streamlined as many outof-the-box task types can be utilized.
• In-depth monitoring of the processes and logs
• Distribution of tasks and processes
• Provides support for User tasks in processes
• Web-based access, means end Users and operators
can access CWS from anywhere, without installing additional software
References:
[1] Tinio A. W. et al. (2016) NASA Tech Briefs,
November 2016, 64. [2] Camunda BPM. (2016). Retrieved from https://camunda.org. [3] Object Management Group: Business Process Model and Notation
(2016). Retrieved from http://www.bpmn.org.
Additional Information: The Common Workflow
Service is funded and maintained by the NASA Multimission Ground System and Services Office. The Jet
Propulsion Laboratory is a federally funded research
and development center and is managed by the California Institute of Technology for NASA.
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ASTROMATERIALS CURATION DIGITAL REPOSITORY: DATA AVAILABILITY AND NEW
FEATURES. Nancy S. Todd1 and R. A. Zeigler2, 1 UTC Aerospace Systems/JETS Contract, NASA Johnson Space
Center, Mail Code XI2, Houston, TX 77058; nancy.s.todd@nasa.gov. 2 NASA Johnson Space Center, 2101 NASA
Rd 1, Mail Code XI2, Houston, TX 77058; ryan.a.zeigler@nasa.gov.
Introduction: The Astromaterials Acquisition and
Curation office at NASA Johnson Space Center curates
all of NASA’s extraterrestrial samples, the most extensive set of astromaterials samples available to the research community worldwide. The office allocates
~1500 individual samples from nine sample collections
to researchers and students each year and has served
the planetary research community for 45+ years.
As of 2017, NASA curates the following sample
collections:
• Lunar rocks and soils from the Apollo and Luna missions
• Meteorites collected from Antarctica by the
ANSMET (Antarctic Search for Meteorites)
program
• Cosmic dust grains from Earth’s stratosphere
• Cometary and interstellar samples from comet
Wild-2 from the Stardust mission
• Solar wind samples from the Genesis mission
• Asteroid Itokawa samples collected by JAXA’s
Hayabusa mission
• Microparticle impact samples from spaceexposed spacecraft hardware
Additional collections are expected in the near and
not-so-near future, including samples from NASA’s
OSIRIS REx mission to asteroid Bennu and from
JAXA’s Hayabusa2 mission to asteroid Ryugu.
The Astromaterials Curation office maintains a
public digital repository containing sample data and
other digital resources from the collections it curates.
This repository, accessible through the curation website, provides support to researchers wishing to request
samples for scientific study, and helps guide them
through the sample request and allocation process.

Because of the diversity of curated samples from
different NASA missions, the data in the repository is
separated by sample collection and each collection
maintains their own search interface that best suits the
scientific and curatorial goals of the collection. In addition, each collection’s website provides a variety of
materials and reference documents to assist PIs
throughout the process of requesting, receiving, and
returning astromaterials samples from NASA’s collections, including sample request deadlines, sample allocation policies, sample investigator guides, supporting
forms and documents, contact information for each of
the sample collections, and sample catalogs and compendia.
Access to Repository: Access to the data repository is available through the Astromaterials Acquisition
and Curation website at https://curator.jsc.nasa.gov.
Available Data Products: Each sample collection
provides access to their own data products. Examples
of the data products available for each sample collection include, sample catalogs, newsletters, sample research compendia, searchable sample data and images,
sample references and publications, legacy documentation, and selected sample analysis data.
Figure 1 summarizes the data available for each of
the sample collections by data type as of the spring of
2017.
Figure 1. Data Availability by Collection and Type

This presentation will discuss the Astromaterials
Curation Digital Repository, its features, available data
products, and recent enhancements made to better
serve the scientific community.
Curation Data Repository: The Astromaterials
Curation Digital Repository provides access to sample
data that allows principal investigators (PIs) to select
the most appropriate samples for study, preventing
duplicate analyses, and facilitating the efficient use of
samples in a way that ensures the long term health and
sustainability of the Astromaterials sample collections.

Figure 2 illustrates the available data products for
each collection. The variety and volume of data available varies by collection, but data is regularly being
added to the repository.
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Figure 2. Data Products by Sample Collection
mobile devices and tablets. The following sections
describe some of the recent major updates.
Scientific Reference Database. The latest addition
to the Curation website is a scientific reference database. This database is fully searchable by paper title,
author, journal, conference name, or keyword. The
search takes advantage of full text indexing in the database to allow for better search results. References are
also searchable by sample numbers for those collections that have this information available. The results
of the reference search can be sorted and filtered, as
well as downloaded as an Excel file. For lunar references, the data is also available in EndNote format.
The first collections with references available on
the website include the Antarctic Meteorite collection
and the lunar sample collections. There are over 1500
peer-reviewed references for Antarctic Meteorites with
associated sample numbers, encompassing the years
1978 to present in the reference database. For lunar
samples, there are over 3,700 references currently
available which have been partially associated with
corresponding sample numbers, and more references
are being added as they are compiled.
Lunar Sample & Photo Database. New content
was added to the lunar sample data, including:
• List of available thin sections
• Links to catalogs and NASA reference documents
• Public display samples
• Scientific references related to lunar samples
with links to abstracts and content
• Links to available images at the Open University Virtual Microscope
• Links to available high resolution TIFF files in
the PDS imaging node

Recent Enhancements: Many of the data products
available through the website have been updated to
improve performance, add functionality, and incorporate feedback received from users. Some updates were
aimed at improving the accessibility of data by eliminating platform-dependent technologies, such as Flashbased content, and enabling access of data through

Other Data Additions. New content was added to
the many of the other collections, including Stardust,
Genesis, and Cosmic Dust. For Cosmic Dust, we have
started to populate a database with all the sample data
and images included in 35 years of published Cosmic
Dust Sample Catalogs. These catalogs contain particle
and cluster images, classification data, and EDS spectra.
Over the coming years we will continue to add data
and improve the user interface on the websites to enhance the useability of the site for PIs.
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MINI-RF IMAGE PROCESSING AND DATA PRODUCT GENERATION. F.S. Turner1, R.C. Espiritu1, G.W.
Patterson1, A.M. Stickle1, J.T.S. Cahill, 1Johns Hopkins University Applied Physics Laboratory, 11100 Johns Hopkins Rd, Laurel, MD 20723 (Raymond.Espiritu@jhuapl.edu)

Introduction: The Mini-RF instrument aboard
NASA’s Lunar Reconnaissance Orbiter (LRO) is a
hybrid dual-polarized synthetic aperture radar (SAR)
[1, 2] that operates in concert with the Arecibo Observatory (AO) [3,4] and the DSS-13 Goldstone deep
space communications complex 34 meter antenna to
collect S- and X-band bistatic radar data of the lunar
nearside. The ground station transmits at specific pulse
intervals defined by the planning process and the instrument is configured to operate in continuous receive-only mode. The transmitted pulses generated by
the ground station are asynchronous with the sampling
by the Mini-RF receiver. The data collected is then
downlink and processed into horizontal and vertical (H
and V) images using a time-domain backprojection
algorithm that utilizes phase history measurements in
the raw downlinked Mini-RF data to calculate the pixels that comprise a complex-valued image [5]. This
processing of the returns requires several steps in order
to generate the initial images (Fig.1). Image cube
backplanes, Stokes daughter products, and derived data
products are also generated, along with accompanying
labels for delivery to the PDS archive.
Methodology: The first five steps below describe
the methodology of the SAR image processing software (the processor) in order to generate the initial
image products. Successive steps describe the processing done in order to create supplementary and
higher level data products.
Isolate the Direct Path. The direct path signal
from the ground station as it passes through the instrument is often the strongest element in the returns
collected. The processing software uses this fact to
isolate the signal from the others. It is then used as a
timing and phase reference to compensate for any
shifts that may occur in the backscattered signal. A
waterfall plot is created displaying each pulse to allow
for a visual inspection to ensure that the software was
able to identify the direct path correctly (Fig. 2). Manual selection of the direct path may be required in
those instances where the signal is low enough such
that it is not simply separable from the specular return.
The end result is an accurate estimate of the pulse
repetition interval (PRI).
Determine Phase Estimate. Estimates are taken of
the now isolated direct path correlation peak phases. A
simple filter based on the measurement of the power in
each direct path pulse is used to determine which phase
measurements are directly usable. Any gaps are filled

by integrating a model of the phase drift built up by
analyzing collections of adjacent pulses. These phases,
modeled or measured, are then used as a reference for
correlating the backscattered signal measurements
from pulse to pulse.
Calculate Geometry. Geometry information is derived from SPICE kernels as inputs to the processor.
This information includes the ground station and receiver locations with respect to a lunar fixed reference
frame. It also includes roll, pitch, and yaw angles and
their time derivatives of the receiver relative to an idealized nadir-oriented spacecraft frame. This ancillary
geometry information is then used to generate an
equirectangularly projected, 20 meter per pixel, grid
from the spherical lunar surface onto which the H and
V channel images are formed.
Generate H phase and V Phase Image Products.
The timing, direct path phase, geometry, and grid information are used to process the returns and coherently accumulate the collected backscattered signal onto
the grid. Two sets of two separate images are generated per observation (e.g., Fig. 1). Each set of images is

Fig. 1. Processed horizontal (a) and vertical (b) channel images of the crater Kepler and surrounding Oceanus Procellarum mare materials from bistatic observation 2012-276.
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Fig. 2. Waterfall plot for a Mini-RF collect (2016095). The y-axis indicates samples within a pulse and
the x-axis each pulse within the collect. Pixel intensity
represents power within the corresponding sample in
the pulse. Sharp vertical line marks direct path. Arcing
signal to the left is the specular (forward scattered)
signal. Broad signal at right is the backscattered return.
generated using either the direct path phase from the H
or V channels as a reference, and within each set there
is an H and V channel image. The latitude and longitude of each pixel in the grid is also captured as an
intermediate product in the processor.
Generate Geometry Backplanes. Image cubes containing geometry information at the pixel level,
downsampled to 100 meters per pixel, are created for
each observation. The raw grid generated in the previous step is used to generate the image cube. The image
cube consists of an NxMxZ array where NxM correspond to the downscaled H and V image and each element of Z contains a different geometry parameter. Six
geometry parameters are stored in the image cube:
latitude, longitude, phase angle, incidence angle,
emisison angle, and range.
Generate Higher Level Data Products. The hybrid
dual-polarimetric nature of the Mini-RF instrument
allows for the calculation of the Stokes parameters that
characterize the backscattered signal. In turn this allows for the calculation of the Circular Polarization
Ratio (CPR), which is a representation of the surface
roughness at the wavelength scale of the radar. The
four stokes parameters and the CPR are the final set of
products generated for a given Mini-RF observation
(Fig. 3).
PDS Archive Generation. A PDS3 label file is generated for every data product in-line with the product
generation process. Metadata describing the observation, such as target name, start time/end time, is parsed
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from a planning spreadsheet. Remaining PDS archive
files are generated prior to submission to the PDS.
Production and Future Work: To date twenty
eight Mini-RF observations have been processed and
submitted to PDS from the 2012-2015 bistatic campaign. The LRO third extended mission added DSS-13
as an additional ground station for use at X-band in the
2016-2018 bistatic campaign. As of March 31, 2017,
six DSS-13 and one Arecibo observations have been
processed. The processor is being optimized to reduce
processing time and improve the overall quality of the
images. In addition, a flight database is being implemented such that the planning tools, product generation, and PDS archiving software can reference the
same observation more easily.

Fig. 3. Processed Stokes parameter – (a) S1, (b) S2, (c)
S3, (d) S4, – and (e) CPR data products for the crater
Kepler and surrounding Oceanus Procellarum mare
materials from bistatic observation 2012-276.
References: [1] Chin et al., 2007, Space Sci. Rev.
129(4), 391-419; [2] Nozette et al., 2010, Space Sci.
Rev., 150, 285-302; [3] Patterson et al., 2013, 44th
LPSC, #2380; [4] Patterson et al., 2017, Icarus, 283, 219; [5] Wahl et al., 2012, Proc. of SPIE, Vol. 8394,
83940D-1.
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Next Generation Parallelization Systems for Processing and Control of PDS Image Node Assets
Rishi Verma1, 1Jet Propulsion Laboratory (4800 Oak Grove Drive, Pasadena CA 91108).

Abstract: With data holdings of at least 63 TB and
upwards of 650 million files, Planetary Data System
(PDS) Imaging Node (IMG) is faced with non-trivial
challenges as it attempts to track the state of its archive
over time. For example, asserting the metadata validity
of every file in the archive necessitates executing a
validation algorithm across every asset file – a process
that would need to occur for all 650 million files. As
such, executing an algorithm such as this takes between
500 ms to 1000 ms per file on a single node machine,
and thus is predicted to take more than a ten years to
complete, in total for all of our files, if performed
sequentially on a single machine. Clearly, this task
should and must be run in parallel to enable reasonable
completion times. The question is: how much
parallelization should we leverage? Our technical
solution to this problem is to enable potentially
unlimited parallel execution - dependent only on the
task specifics and budget availability. Thus we present
Archive Inventory Management System (AIMS), which
is a massively parallel system allowing for validation of
metadata or any other generic algorithm to be executed
for all files on a system. AIMS builds on top of
Amazon Lambda1, a cloud-computing infrastructure
enabling on-demand processing of files using a serverless architecture, that allows the launch of as many
parallel execution jobs as one’s pricing considerations
dictate. Theoretically, AIMS could enable the metadata
validation of a significant proportion of our 650 million
files in our archive in parallel, taking effectively a total
execution time on the order of seconds to minutes2.
With respect to AIMS, we will discuss technical
considerations, architecture, and pricing models.
Parallelization with respect to data processing will
help achieve dramatically faster execution times for
PDS IMG, however, this approach needs to be
complemented with a parallelized software and
configuration deployment strategy – whether or not we
leverage Amazon Lambda as our sole computational
engine. Currently PDS IMG manages at least 15 noncloud machines, running a variety of customer-facing
and internal applications. Maintaining consistent
configuration management, timely software updates,
and addressing operating system discrepencies is a
serious challenge. For example, one of our prime
customer-facing applications, the PDS IMG
Photojournal3 will require a software reployment
workflow consisting of at least six software components
and six separate machine reconfigurations. This all
needs to be orchestrated with as little down-time as

possible upon each software update, given the constant
web-traffic Photojournal receives. In other words, we
require parallel orchestration to reduce downtime.
Thus, we present PDS IMG Ansible – built upon and
leveraging a parallelized IT-automation framework
called Red Hat Ansible4. This next-generation
automation framework allows PDS IMG to quickly
redeploy software, data, media, configuration and
documentation assets to any of our 15 machines (or
cloud instances) in parallel – to reduce downtime and
enable centralized control of all our hardware resources.
Most importantly, it enables the concept of deployment
“playbooks”, which centralize and abstract the
deployment tasks which need to be executed from the
machines onto which they need to run. We will discuss
PDS IMG Ansible’s parallelization architecture from
the standpoint of managing configuration, software, and
data deployments, as well as evaluating its key
advantages and costs.
References:
[1] "AWS Lambda" Amazon Web Services, Inc.
N.p.,
n.d.
Web.
05
Apr.
2017.
<https://aws.amazon.com/lambda/details/>. [2] M.
Kiran, P. Murphy, I. Monga, J. Dugan and S. S.
Baveja, "Lambda architecture for cost-effective batch
and speed big data processing," 2015 IEEE
International Conference on Big Data (Big Data), Santa
Clara, CA, 2015, pp. 2785-2792. [3] Photojournal.
NASA/JPL,
n.d.
Web.
05
Apr.
2017.
<https://photojournal.jpl.nasa.gov/>. [4] "Ansible is
Simple IT Automation." Ansible is Simple IT
Automation. Red Hat, Inc., n.d. Web. 05 Apr. 2017.
<https://www.ansible.com/>.

3rd Planetary Data Workshop 2017 (LPI Contrib. No. 1986)

7023.pdf

PHOTOSCAN FOR PLANETARY AND ANALOG SITES. R. V. Wagner, M. R. Henriksen, M. R. Manheim,
and M. S. Robinson. School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287-3603
(rvwagner@asu.edu).
Introduction: The Agisoft PhotoScan [1] software
is designed to produce accurate 3D models and georeferenced digital elevation maps (DEMs) from sets of
images without a priori camera models or pointing
information. This capability is useful for analysis of
images acquired by spacecraft [2] or astronauts from
planetary surface operations, where precise positioning
information may not be available. PhotoScan also allows for quickly generating 3D models of Earth analog
sites without needing bulky or expensive equipment or
extensive geometric camera calibration.
In this abstract, we show the utility of PhotoScan
for planetary applications from two test cases: an interior courtyard of a building, as a rough analog for a
lunar collapse pit, and a site photographed and sampled
by Apollo 17 astronauts (Station 4).
Test Sites: Earth Analog. We acquired a sequence
of photographs from the 4th-floor balcony (~12 m
above ground level) surrounding the ~20 × 20 m interior courtyard of the Farmer building on the ASU campus using an iPhone 5s camera (0.4-1 cm pixel scale).
This location was chosen to simulate a series of observations from around the rim of a collapse pit, several
of which have been found on the Moon with similar
dimensions to the courtyard [3]. We used 48 images
acquired from 10 locations around the balcony. At
each location, we took 4-5 images aimed across the
center of the courtyard at vertical orientations ranging
from near-horizontal to pointing towards the floor
(Fig. 1). Locations were chosen to be evenly distributed around the courtyard.
We placed three calibration markers (printed from
files provided by PhotoScan) on the interior walls, and
two on the ground (3.3 m separation) to provide a scale
baseline and to differentiate between the otherwisesimilar walls of the courtyard.
Apollo Imagery. We also tested PhotoScan on EVA
images collected during Apollo 17 surface operations.
For initial tests we used a set of seven color images of
a trench dug by H. Schmitt at Shorty crater, with the
Apollo gnomon, appearing in three of the images,
providing scale and orientation [4,5] (Fig. 2).
Using PhotoScan: The models presented here were
created using “Medium quality” for both photograph
alignment and point cloud generation (downsampling
images by factors of two and four, respectively) as a
balance between model density and processing time.
For the courtyard model, we manually located the five
calibration markers in each image, along with one other point added later to improve the model orientation.

Figure 1: A) Example image of the Farmer building
courtyard. Red numbers indicate centers of images in
the sequence from this location; yellow arrows point to
calibration markers. B) View of PhotoScan point cloud
from approximately the same location as (A).

Figure 2: Image from the Shorty crater dataset (AS17137-20990). The gnomon color scale is 20 cm long.
In the Apollo model, manual control points were
placed at the ends of the color scales on the gnomon to
provide a scale reference and at two other points in the
scene to align one image that was taken from a significantly different viewing angle from the other six.
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The most difficult part of producing a model in
PhotoScan is obtaining accurate absolute dimensions
and orientation. This difficulty is compounded when
using PhotoScan for planetary applications. The software is designed to produce models in an Earth reference frame, and while it is possible to produce a
properly-scaled 3D model using purely local coordinates, orienting the model correctly is problematic.
Even with Earth-based images, accurately referencing
the images to a reference frame requires control points
with known cartographic coordinates. PhotoScan can
automatically reference models using GPS data from
smartphone photos, but the resulting models are often
tilted due to uncertainties inherent in the coordinates.
In the first DEM exported from PhotoScan of the
Farmer building courtyard, there was a ~2 m tilt of the
floor from north to south that is not present in the actual building. We corrected this tilt by placing three reference points on a known-level surface, and assigning
them the same elevation before re-building the model,
which eliminated the tilt.
Results: We used the post-levelling exported
courtyard DEM to measure the heights of features on
the floor (several tables and the rim of a fountain in the
northeast corner) (Fig. 3). Ground truth measurements
were taken that showed the tables as 74 cm tall, and
the fountain rim as 55 mm tall. Measurements from the
DEM placed all six tables at 70-71±2 cm high, and the
fountain rim at 53±1 cm (uncertainties are the measured deviations from the median height of each feature). These elevation errors of 3-5% of the actual feature height are comparable to the horizontal error of
~2.5% reported by PhotoScan for the calibration scale
bar, and may be related to the process used to remove
the tilt in the original DTM. Regardless, given that the
images were taken from ~1200 cm above ground level,
these values indicate a model accuracy of ~0.2% of the
distance from camera to target, or 2-6× the pixel scale.
In the Shorty crater trench model, we measured the
height of the trench wall at ~10 cm, and the width of
the orange soil band at ~75 cm, which is similar to the
value of “about 80 cm” reported in [5] (Fig. 4).
Conclusion:. PhotoScan produced models which
agreed well with on-site measurements (Earth analog)
and prior photogrammetric analysis (Apollo), despite
having no a priori pointing information, and in the
Apollo case, no a priori camera model. These two test
cases demonstrate its effectiveness for analyzing past
mission data, and potential for aiding future missions
both by creating models from surface photography,
and allowing easy creation of models of Earth analog
features without using any more complicated calibration and photographic equipment than an office printer
and an ordinary smartphone camera. Future tests will
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Figure 3: DEM of interior courtyard of Farmer building, with profile lines across fountain (A-A’) and table
(B-B’). Yellow dots show control point locations, red
dots show camera locations.

Figure 4: Orthophoto of trench at Shorty crater (Apollo 17), with 2 cm contours overlaid in yellow (orange
contours mark 10 cm intervals). The gnomon is visible
at upper-left. White patches indicate areas with no image coverage.
include Photoscan models of terrestrial lava flows to
serve as a point of comparison for the morphology of
impact melt flows found on fresh lunar craters [cf. 6].
References: [1] http://www.agisoft.com/ [2] Ostwald,
A.M. and J.M. Hurtado, Jr. (2017). 48th LPSC #1787.
[3] Wagner, R. V. and Robinson, M. S. (2014),
Icarus, 237C, 52–60. doi:10.1016/j.icarus.2014.04.002
[4] Apollo Lunar Surface Journal, Apollo 17.
www.hq.nasa.gov/alsj/a17/a17.html [5] Wolfe, E.W. et
al. (1981), USGS Prof. Paper 1080 [6] Denevi et al.
(2012) Icarus, 219, 665-675.
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EXPLORING THE MOON WITH AUTOMATED FEATURE DETECTION. R. V. Wagner, E. J. Speyerer,
and M. S. Robinson. School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287-3603.
Introduction: The Lunar Reconnaissance Orbiter
Camera (LROC) consists of a single Wide Angle
Camera (WAC) and twin Narrow Angle Cameras
(NACs) that provide multispectral and high-resolution
imaging, respectively [1]. The NACs are capable of
acquiring panchromatic images at 0.5 m/pixel from an
altitude of 50 km. A typical NAC image consists of
5064 samples and 52224 lines, resulting in over 500
megapixels of image data in each observation pair. As
of 15 March 2017, the NACs have collected over
650,000 image pairs of illuminated terrain (>1.3 million individual images) covering most of the Moon.
Here we present a feature detection tool and an automated change detection tool developed by the LROC
team. These tools (PitScan and CRISP) enable the discovery of lunar pits [2] as well as a measurement of the
contemporary impact flux and the rate of regolith overturn [3].
Finding Lunar Pits with PitScan: Lunar pits are
deep, vertical-walled collapse features, generally <100
m in diameter, and usually have an inward-sloping rim.
So far, we have located over 300 pits across the lunar
surface. Their small size and rarity make pits a prime
candidate for automated searching, and in fact most of
the known pits were found using PitScan (previously
reported in [2]).
Theory. Since the majority of slopes on the Moon
are below the angle of repose (~36°) [4], very few features cast shadows when the Sun is within ~54° of the
zenith. Pits, with their vertical or near-vertical walls,
do cast shadows (as do large boulders, and small outcrops on steep crater slopes). Thus, a catalog of shadows in a high-Sun image should contain any pits in the
area. All that is needed is to filter out shadows in pits
from shadows of non-pit features.
Implementation. PitScan was developed to locate
all shadows larger than 15 pixels across while excluding those features that are most likely to be boulders.
All remaining features are saved as small image clippings for a human analyst to check manually. PitScan
can complete a search of a single 250 megapixel NAC
image in thirty seconds.
To find shadows, PitScan uses an empirically derived equation to calculate a cutoff value for “shadowed” pixels. The formula for this cutoff value [2] was
determined by manual inspection of pits in several
dozen calibrated images with various Sun elevations.
Once all the continuous blobs of pixels with I/F
values below the cutoff that are at least 15 pixels
across have been located, PitScan extracts a profile
across each blob parallel to the solar azimuth, extending approximately 30 pixels beyond the bounds of the
shadow (Fig. 1). If the average I/F value on the up-Sun

side of the shadow is greater than 0.9× the average
value on the down-Sun side, the feature is assumed to
be a rock, and discarded. For the remaining cases,
PitScan saves a 300 × 300 pixel clipping for human
review.
In cases where more than 50 potential pits are
found in an image, PitScan instead saves a preview of
the entire image with potential pit locations marked, so
a human can check for known patterns of false positives (such as outcrops on crater walls).

Fig. 1: Top: Profile lines across detected shadows for rock
(left) and pit (right). Bottom: Pixel values along the profile.

Results. Excluding the feature-rich images, the algorithm currently generates ~150 false positives for
each successful pit identification. We consider this an
acceptable level of false positives, as an experienced
analyst can evaluate most image clippings in less than
a second, and it only takes a few hours to check the
results for six months of NAC images. The false negative rate can be greatly reduced by adjusting the ratio
used to detect boulders: If the down-Sun side is at least
1.1x the up-Sun side, 40% of false negatives are excluded, and 85% of true positives are retained.
In a sample of all images of known pits with pixel
scales such that the pit is at least 30 pixels across,
PitScan only detected 45% of the expected pits. Detection was better for non-impact-melt pits, with 86% of
expected detections made, although there may be a
sampling bias, as 13 of the 16 known non-impact-melt
pits were originally found using PitScan, while many
impact melt pits were found by manual search near
impact melt pits identified by PitScan.
Due to the limit on valid Sun elevations, PitScan
can only search the region within ~50° latitude of the
equator (77% of the Moon). To date, the NAC has acquired 307,824 images within the described incidence
angle constraint covering 76% of the searchable area.
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Finding New Impacts with CRISP: With the aid
of the Lunar Reconnaissance Orbiter (LRO) extended
mission, LROC is collecting repeat images of the same
surface area under the same lighting conditions. These
temporal image pairs (“before” and “after” images)
enable the identification of surface changes over time.
To date, we have identified over 200 newly formed
impact craters, over 75,000 smaller primary and secondary surface changes, and tens of recent mass wasting events.
Theory. When an impact or mass-wasting event occurs, the local surface reflectance is modified due to
changes in roughness, exposed regolith composition,
and/or optical maturity. Using temporal image pairs
with nearly identical lighting and limited shadows (i.e.
incidence angle < 50° and phase difference < 3°), registered images are compared for reflectance and textural changes using an in-house developed tool, Change
Recognition using Images with Similar Phase (CRISP).
Implementation. CRISP is split into three functions:
image registration, pixel- and area-based changedetection filtering, and image segmentation. CRISP
starts with the PDS formatted and archived Experiment
Data Records (EDRs) for each NAC observation that
constitutes the temporal pair. Before inspecting the
images for changes, the images are calibrated and rectified into a common reference frame using the spacecraft ephemeris and orientation information. To further
improve the image registration, such that each surface
feature in the before image is matched to the same feature in the after image, the image pairs are registered
using an automatic co-registration tool called coreg in
Integrated Software for Imagers and Spectrometers
(ISIS). This approach aligns the images with sub-pixel
accuracy enabling pixel-to-pixel comparisons in the
temporal pair.
Once registered, an image ratio is created by dividing the after image by the before image (Fig. 2). Since
the lighting and viewing geometries are similar and the
images are registered within a pixel, the values in the
ratio image are near one except in cases where a reflectance change has occurred.
To limit false positives due to slight photometric
variations and low signal to noise ratio in shadowed
areas, a second change-detection filter is applied. This
filter identifies changes in local reflectance patterns in
an n × n pixel area (n=11 for current searches of
LROC images) using a normalized 2D crosscorrelation (NCC) factor. For an area with no detectable surface changes, the corresponding area in the
NCC image contains values near one. As the n × n
pixel NCC filter encounters a significant texture difference between the “before” and “after” image, the recorded values in the NCC deviate from unity.
Together, the ratio image and NCC image are used
to identify surface changes in the temporal image pairs.
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Fig. 2: Example ratio (after/before) image showing the result
of a new impact that created a 12 m crater.

The cutoff threshold values were empirically derived
using the surface changes identified through manual
scanning of 138 NAC temporal pairs [5]. For each detected change identified by CRISP, a 200 × 200 pixel
cutout is generated for the “before” image, “after” image, ratio image, and change mask. These fullresolution sub-images are combined into animated gif
image that is manually inspected by a human analyst
and classified.
Results: As of 1 April 2017, the LROC team has
systemically scanned and classified 18,516 NAC temporal pairs. The CRISP algorithm identified 138,264
potential surface changes (anomalies) in the temporal
pairs. Manual classification of these anomalies confirmed 57% were true, distinguishable surface changes.
In addition, 19% of the anomalies contained a possible
surface change. These possible surface changes were
either too small to be definitively confirmed or the
images lacked the required signal to adequately confirm the surface change. The remaining 24% of the
anomalies were falsely identified by CRISP due to
resolution difference between the image pair, small
lighting differences, and small co-registration errors.
Conclusion: Additional observations acquired during the LRO Cornerstone Mission and future extended
missions will enable the LROC team to increase the
NAC’s spatial and temporal coverage. PitScan and
CRISP will continued to be used to locate more pits as
well as refine the contemporary cratering and gardening rate for the Moon as more surface changes are
identified. Future efforts will also encompass testing
these algorithms on other lunar and planetary datasets
to enable further mapping of these features.
References: [1] Robinson, M.S. (2010), Space Sci.
Rev. 129, 391-419. [2] Wagner, R. V. and Robinson,
M. S. (2014), Icarus, 237C, 52–60. [3] Speyerer et al.
(2016), Nature, 538, 215-218. [4] Wagner, R.V. et al.
(2013) 44th LPSC, #2924. [5] Thompson et al. (2014)
45th LPSC, #2769.
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MARS TARGET ENCYCLOPEDIA: INFORMATION EXTRACTION FOR PLANETARY SCIENCE. K.
L. Wagstaff1, R. Francis1, T. Gowda1, Y. Lu1, E. Riloff2, and K. Singh1, 1Jet Propulsion Laboratory, California Institute
of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109, kiri.wagstaff@jpl.nasa.gov, 2University of Utah, Salt
Lake City, UT.

Introduction: We created a new reference database
called the Mars Target Encyclopedia (MTE) that contains compositional information about surface science
targets (such as rocks or soils) on Mars. Users can
search for all targets that contain a given element (e.g.,
“calcium”) or mineral (e.g., “hematite”) and see a map
of their spatial locations (see Fig. 1). Clicking on a
search result or searching for a specific target of interest
(e.g., “Dillinger”) brings up a page that compiles previous publications about its composition (see Fig. 2).
The information in the MTE was mined from the
planetary science literature using information extraction
technology. Rather than analyzing instrument data, we
analyzed publications about findings. All MTE entries
link to source publications, so users can easily browse
the full context in the original document (Fig. 2).

Figure 2. Page 1 of the MTE entry for the Dillinger target.
Each component (e.g., fluorine) has a source citation.

Surface Targets on Mars: Mars rover missions
identify new observational targets on a daily basis.
Each such rock, soil, or point of interest is given a
unique name, often derived from Earth locations (e.g.,
“Ithaca”, “Staten Island”), Earth people (e.g., “John
Klein”), or whimsy (e.g., “Frood”). The Mars Science
Laboratory (MSL) rover has identified more than 7,000
targets in 4.5 years. There are hundreds of publications
about these targets, and staying up-to-date is difficult.
Information Extraction Methods: Information
extraction (IE) methods have been employed to extract
diverse information such as terrorist events in news articles or protein interactions in biomedical documents.
We trained an IE system to recognize “named entities”
such as elements, minerals, and targets and then identify
compositional relations between targets and elements or
minerals [1] (see Fig. 3).

Figure 1. MTE search results for “hematite.”

Figure 3. Information extraction process for the MTE.
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We trained and evaluated the system using two-page
abstracts from the Lunar and Planetary Science Conference. First, we extracted text from the PDF abstracts
using Tika [2] and stripped out the “References” section
in each document to avoid spurious detections (author
initials are easily mistaken for element abbreviations).
Next, we used the brat tool (http://brat.nlplab.org/) to
hand-label entities and relations in all documents that
mentioned the MSL ChemCam instrument from LPSC
2015 (n=63) and 2016 (n=55). We trained the system
on the LPSC 2015 hand-labeled documents plus an additional 1069 documents from LPSC 2014 and 2015 that
were automatically annotated using lists of known elements, minerals, and targets and then manually reviewed/corrected. We evaluated the system on 35 handlabeled documents from LPSC 2016 (the remaining 20
documents were used for development only).
Named entity recognition (NER). We created a custom named entity recognizer using known lists of elements, minerals, and targets. We compared the listbased NER system to a machine learning approach that
used the Stanford CoreNLP system [3] to train a classifier to recognize elements, minerals, and targets. The
CoreNLP NER classifier uses local context, entity type
frequency, spelling, and “word shape” (patterns of uppercase/lowercase letters and digits) to identify the class
of each word (entity). Performance (F-measure) was
high overall (nearly 0.90; see Figure 4). Both methods
performed about the same for the Element and Mineral
classes, but the list-based method performed better than
the CoreNLP NER for Targets. However, the CoreNLP
model learned several new terms that were not in the
training documents nor on the lists (e.g., “aluminium”
and targets such as “Buckskin” and “Hoanib”).

Figure 4. NER performance on LPSC 2016 documents.

Relation extraction. We used the jSRE package [4]
to train a classifier to decide whether a compositional
relation exists for a given (Target, Component) pair in
the text (e.g., (“Epworth”, “calcium”) from “Target Epworth contains calcium” -> yes). A Component is any
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Element or Mineral. The classifier uses a “bag-ofwords” representation (i.e., ignores the order of words)
of the full sentence and knowledge about the position of
the target and component within the sentence. We compiled training and test sets consisting of all candidate
(Target, Component) pairs that were automatically extracted by the NER system. The numbers of candidates
for each Component type are shown in Table 1.
Table 1. Number of candidates for relation extraction.

Corpus
LPSC 2015 (train)
LPSC 2016 (test)

Element
273
34

Mineral
151
9

Relation extraction performance (F-measure) is
shown in Figure 5. We compared the trained classifier
to a simple baseline method that classifies all TargetComponent pairs as having a compositional relation
(“All-yes”). This baseline performs quite well: whenever the system finds a Target-Component pair within a
sentence, there is a high probability that they are in a
compositional relationship. However, using machine
learning to refine this decision process (“Classifier”)
improved performance for the Target-Mineral pairs.

Figure 5. Relation extraction performance on LPSC 2016.

Future Work: We plan to extend the MTE to encompass longer, peer-reviewed journal articles. We will
also experiment with ways to identify relations that
cross sentence boundaries, which requires a deeper processing of the document to resolve pronouns and other
ambiguous terms and connect them with specific targets
and components.
Acknowledgments: This work was funded by the
AMMOS program and the PDS and was carried out in
part at the Jet Propulsion Laboratory, California Institute of Technology, under a contract with the National
Aeronautics and Space Administration. Government
sponsorship acknowledged. © 2017. All rights reserved.
References: [1] Wagstaff, K. L. et al. (2015) AAAI
Workshop on Knowledge Extraction from Text. [2]
Mattmann, C. & Zitting, J. (2011) Tika in Action. [3]
Finkel, J. R. et al. (2005) ACL, 363-370. [4] Giuliano,
C. et al. (2006) EACL.

3rd Planetary Data Workshop 2017 (LPI Contrib. No. 1986)

7086.pdf

Web Map Tile Services for Single Images of Planetary Remote Sensing Data
S. H. G. Walter (s.walter@fu-berlin.de); Planetology and Remote Sensing, Institute for Geological Sciences, Freie
Universitaet Berlin. Malteserstr. 74-100, 12249 Berlin, Germany.
Web Map Tile Cache: In order to speed up access
of the WMS requests, a MapCache instance has been integrated in the pipeline. MapCache provides extended
services and enables the system for WMTS reqeusts. It
also provides arbitrary aliases to spatial reference systems which enables the system to accept non-WMS standard reference systems such as the IAU2000 codes (cf.
[3]). For each image entity, a separate tile cache tree has
to be generated. In this context the PRODUCTID parameter is configured as an additional dimension of the
cache. The complete data flow of the described WMS
request and its response is shown in Figure 1.
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Introduction: Web-based planetary image dissemination platforms usually show outline coverages of the
data and offer querying for metadata as well as preview
and download, e.g. [1]. We introduce a new approach for
a system dedicated to planetary surface change detection
by simultanous visualization of single-image time series
in a multi-temporal context. While the usual form of presenting multi-orbit datasets is to merge the data into a
larger mosaic, we want to stay with the single image as
an important snapshot of the planetary surface at a specific time. Here we propose a new concept of how to
request single image granules and retrieve the data via
OGC’s Wep Map Tile Service (WMTS). A web mapping application demonstrating the presented functionality based on HRSC data has been implemented and is
available at http://maps.planet.fu-berlin.de/mars.
Web Map Service with time support: In order to
locate multiple coverage of images and select images
based on spatio-temporal queries, we use a data catalog
in a relational database management system (RDBMS)
with geometry support. Details of the automatically updated RDBMS consisting of customized software based
on the VICAR environment are described in [2]. The
MapServer software is connected to the database and
provides Web Map Services (WMS) with time support
based on the START TIME image attribute. It allows
temporal WMS GetMap requests by setting additional
TIME parameter values in the request. The values for
the parameter represent an interval defined by its lower
and upper bounds. As the WMS time standard only supports one time variable, only the start times of the images
are considered. If no time values are submitted with the
request, the full time range of all images is assumed as
the default.
Dynamic single image WMS: The aim of this concept is to preserve the single image and its metadata as an
individual entity to enable functionality such as time series analysis of multiple coverage of images. Therefore
we provide every single image as an individual WMS
layer. Due to the vast amount of single images we need
a way to set up the layers in a dynamic way – the map
server does not know the images to be served beforehand. We use the MapScript interface to dynamically
access MapServer’s objects and configure the file name
and path of the requested image in the map configuration. The layers are created on-the-fly each representing
only one single image. The vendor-specific WMS request parameter “PRODUCTID” has to be appended to
the regular set of WMS GetMap parameters. The request
is then passed on to the MapScript instance.

Map file
template

Substitute
file name
Process
image

raw
image

Storage

Tile cache
Dispatch
request

Figure 1: Diagram of the data workflow from the dynamic
single-image WMS request to cache lookup to image processing and tile return. The numbers represent possible process
paths as explained in the text.

The WMS request is received by the Apache webserver configured with the MapCache module. If the tile
is available in the tile cache, it is immediately commited
to the client (following path 1 in Fig. 1). If not available,
the tile request is forwarded to Apache and the MapScript
module (following path 2). The Python script intercepts
the WMS request and extracts the product ID from the
parameter chain. It loads the layer object from the map
file and appends the file name and path of the inquired
image. After some possible further image processing inside the script (e.g., stretching or color matching), the
request is submitted to the MapServer backend which
in turn delivers the response back to the MapCache instance.
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Web frontend: We have implemented a web-GIS
frontend based on various OpenLayers components. The
basemap is a global color-hillshaded HRSC bundleadjusted DTM mosaic with a resolution of 50 m per
pixel. The new bundle-block-adjusted qudrangle mosaics of the MC-11 quadrangle, both image [4] and DTM
[5], are included with opacity slider options. The layer
user interface has been adapted on the base of the ol3layerswitcher and extended by foldable and switchable
groups, layer sorting (by resolution, by time and alphabeticallly) and reordering (drag-and-drop). A collapsible time panel accomodates a time slider interface where
the user can filter the visible data by a range of Mars or
Earth dates and/or by solar longitudes. The visualization
of time-series of single images is controlled by a specific toolbar enabling the workflow of image selection
(by point or bounding box), dynamic image loading and
playback of single images in a video player-like environment (Figure 2). During a stress-test campaign we could
demonstrate that the system is capable of serving up to
10 simultaneous users on its current lightweight development hardware. It is planned to relocate the software to

7086.pdf

more powerful hardware by the time of this meeting.
Conclusions/Outlook: We demonstrate a technique
to dynamically retrieve and display single images based
on the time-series structure of the data. Together with the
multi-temporal database and its MapServer/MapCache
backend it provides a stable and high performance environment for the dissemination of the various single image products. The demonstrator web mapping application serves as an expert tool for the detection and visualization of surface changes in HRSC images.
Acknowledgements: This research has received
funding from the EU’s FP7 Programme under iMars
607379 and by the German Space Agency (DLR Bonn),
grant 50 QM 1301 (HRSC on Mars Express).
References: [1] S. H. G. Walter et al., LPSC, 45,
2014, #1088. [2] S. H. G. Walter et al., EPSC 2006,
2006, #508. [3] T. M. Hare et al., Lunar and Planetary
Science Conference, 37, 2006, #1931. [4] G. G. Michael
et al., PSS 121 (2016), 18–26. [5] K. Gwinner et al., PSS
126 (2016), 93–138.

Figure 2: The demonstrator web map frontend with time selection panel (a), video toolbar (b) and extended layer menu showing
dynamic single-image layers (c), footprint query layers (d) with time support and topographic base maps (e). The ortho-images
visible in grayscale are loaded separately as single superimposed images and can be animated by alternation (play-button).
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ACCESSING PLANETARY DATA USING PDS GEOSCIENCES NODE’S ORBITAL DATA EXPLORER.
J. Wang1, D. Scholes2, F. Zhou3, S. Slavney4, E. A. Guinness5, and R. E. Arvidson6, Department of Earth and Planetary Sciences, Washington University in St. Louis, 1 Brookings Drive, Campus Box 1169, St. Louis, Mo, 63130,
1
wang@wunder.wustl.edu; 2scholes@wunder.wustl.edu; 3chow@wunder.wustl.edu; 4slavney@wunder.wustl.edu;
5
guinness@wunder.wustl.edu; 6arvidson@wunder.wustl.edu.

Introduction: The Orbital Data Explorer (ODE,
http://ode.rsl.wustl.edu) is a web-based search tool
developed and maintained at NASA’s Planetary Data
System’s (PDS) Geosciences Node (http://pdsgeosciences.wustl.edu). ODE provides access to PDS
archives of orbital data products from planetary missions to Mars, the Earth’s Moon, Mercury, and Venus
[1,2,3,4]. The archives at the Geosciences and other
nodes can be searched and data products can be downloaded individually through the web interface or placed
in a cart for later bulk download with FTP. ODE also
provides access to documentation included in the archives.
ODE Data Inventory: ODE provides access to
data from 13 planetary missions and over 50 individual
instruments. Those missions include the ongoing MRO
(Mars Reconnaissance Orbiter), Odyssey, ESA’s (European Space Agency) MEX (Mars Express), and LRO
(Lunar Reconnaissance Orbiter) missions, as well as a
number of completed missions such as MGS (Mars
Global Surveyor), Viking Orbiter, Clementine, Lunar
Prospector, Lunar Orbiter, Indian Space Research Organization's Chandrayaan-1, Magellan, GRAIL (Gravity Recovery and Interior Laboratory), and
MESSENGER (Mercury Surface, Space Environment,
Geochemistry and Ranging) missions. ODE is updated
for active missions as new and accumulating data sets
are released by PDS. A total of 21 million PDS data
products with a volume of 1.13 petabyte are currently
cataloged in ODE.
ODE Key Features: ODE supports search and retrieval of PDS data products across multiple planetary
missions and instruments. For instruments that collect
point data along an orbit track, ODE provides a granular-level search, which will search each of the data
products to extract the individual records that match
search criteria and place the output into custom data
products for download. ODE also provides a REST
(Representational State Transfer) interface for external
users who want to access the ODE metadata and data
products without using the ODE web interface.
Data search and review. ODE offers form-based
and map-based searches for named features and userdefined regions. The form-based search can be filtered
through coverage, location, time, observation angle,
and product ID. The map-based search supports the
display of footprint coverage for data products on a

number of user selectable basemaps. A user can graphically specify a search area and then receive a list of
data products that intersect the specified region. Formbased and map-based search results are displayed in a
table, with options to view individual product information, such as browse, metadata, PDS label, and map
context. The browse version of image-oriented products provides an overview of the product to help make
downloading decisions. In addition, users may view the
product’s context with footprints or bounding boxes
plotted on a base map.

Figure 1. Cross-mission instrument search of MRO
HiRISE (High-Resolution Imaging Science Experiment), MRO CRISM (Compact Reconnaissance
Imaging Spectrometer for Mars), and MEX HRSC
(High/Super Resolution Stereo Colour Imager) data in
Mars ODE and view product details.
Data download. Multiple options are provided for
acquiring data products from ODE, including direct
download of individual files through the ODE interface. A web-based shopping cart model is available for
downloading multiple files. The cart ordering system
retrieves data from host PDS nodes and data nodes,
adds related files, and provides download information
to the user. Files can then be downloaded via FTP from
a PDS Geosciences Node server. Additionally, an advanced cart feature allows the user to download a list
of direct HTTP paths to the files in their cart. An application, such as Wget, can then be used to download the
files directly without waiting for the ODE cart process
to download files from other PDS nodes.
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Granular data search. A granular data database
contains data product individual records. ODE supports multiple granular data databases with a specialized query tool for subsetting science data at specified
regions [5]. The orbital laser altimetry and thermal
emission spectrometer instruments, e.g., MGS MOLA
and LRO LOLA and Diviner, produce along-track data
products with limited cross-track coverage. The ODE
granular search tool extracts the portion of data covering the user’s desired search area from the along-track
products. It then packages the data in a format appropriate for the user’s needs and presents the formatted
data for download. Figure 2 is the granular search results of LOLA RDR data at Aristarchus Crater. The
derived 3D shapefile feature was displayed in ESRI®
ArcGIS. Currently, ODE supports granular-level
searches for the 595 million point MOLA PEDR (Precision Experiment Data Record) data set and the 6.9
billion point LOLA RDR (Reduced Data Record) and
310.4 billion point Diviner RDR data sets.

Figure 2. Granular data search results of derived 3D
shapefile feature shown in ESRI® ArcGIS.
Coordinated observation. A coordinated observation is a planned observation involving multiple instruments at a given location and time. ODE tracks the
coordinated observations planned by the MRO science
operations group, correlates them to PDS products that
resulted from the planned coordinated observations,
and then allows users to find, view, and download related products from HiRISE, CRISM, MCS (Mars
Climate Sounder), and CTX (Context Camera).
REST interface.
The REST interface
(http://oderest.rsl.wustl.edu/, [6]) allows external users
to develop domain-specific tools and interfaces to access the ODE metadata and data products without using ODE web interfaces. For example, the NASA
Ames efforts to produce automated LRO Narrow Angle Camera Digital Terrain Maps use ODE REST to
access PDS metadata [7]. The ODE REST interface
also supports granular-level queries of MOLA PEDR,
LOLA RDR, DIVINER RDR, and Mercury
MESSENGER MLA RDR data. The query results are
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the same as the current ODE web-based granular query.
Footprint coverage maps in KMZ and shapefile
format. Footprint coverage maps allow users to see
which portion of a planetary surface is covered by the
footprints of all products of a given product type of a
given mission and instrument. ODEs generate producttype coverage KMZ (zipped file of Keyhole Markup
Language, KML) files and shapefiles for use with
Google Mars/Moon and other GIS tools. The coverage
files include basic product information and links to
product details in ODE to assist the user in acquiring
product files through this method.
Future Work: ODE will continue to add data
from the MRO, MEX, LRO, and Odyssey missions.
We will continue to provide support for ODE website
users and ODE REST API users. An upgrade to the
ODE website interface is underway, to create a more
user friendly interface that incorporates faceted searching.
Contact Information: The Geosciences Node
welcomes questions and comments for additional functions from the user community. Please send email to
geosci@wunder.wustl.edu or post on the Geosciences
Node forums https://geoweb.rsl.wustl.edu/community/.
Comments and questions specific to ODE can be sent
to ode@wunder.wustl.edu.
Acknowledgment: ODE is developed and operated through funding provided to the PDS Geosciences
Node from NASA. Ongoing cooperation from the mission science and operation teams as well as from the
PDS Atmospheres, Imaging, and PPI Nodes is greatly
appreciated.
References: [1] Bennett, K. et al. (2008), LPS
XXXIX, Abstract #1379. [2] Wang, J. et al. (2009),
LPS XL, Abstract #1193. [3] Bennett, K. et al. (2013),
44th LPS, Abstract #1310. [4] Wang, J. et al. (2017),
48th LPS, Abstract #1257. [5] Wang, J. et al. (2011),
42nd LPS, Abstract #1896. [6] Bennett, K. et al.
(2014), 45th LPS, Abstract #1026. [7] McMichael et
al. (2015), 46th LPS, Abstract #2491.
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GEOLOGIC MAPPING AND STUDIES OF DIVERSE DEPOSITS AT NOCTIS LABYRINTHUS, MARS.
Catherine M. Weitz1, Dan Berman1, Alexis Rodriguez1, and Janice L. Bishop2, 1Planetary Science Institute, 1700 E
Fort Lowell, Suite 106, Tucson, AZ 85719 (weitz@psi.edu); 2SETI Institute, 189 Bernardo Ave., Mountain View,
CA 94043.
Introduction: Noctis Labyrinthus consists of a
network of intersecting linear troughs and pits along
the eastern Tharsis rise that connect eastward to the
continuous chasmata of Valles Marineris. The pits and
troughs may have formed due to withdrawal of magmatic reservoirs at depth [1], or by collapse over conduits developed as a consequence of groundwater flow
along pre-existing fault systems [2]. The age of the
Noctis Labyrinthus depressions is thought to be Late
Hesperian to Early Amazonian based upon disruption
of the lava plains along the plateaus [3-5]. Consequently, sediments deposited within the depressions represent this age or younger materials.
Mapping Investigation: For this study, we are
mapping the western portion of Noctis Labyrinthus (-6
to -14°N, -99.5 to -95.0°W; Fig. 1), which includes
some of the most diverse mineralogies identified on
Mars using CRISM data [6-9]. We are using THEMIS
daytime IR as a basemap, with a 1:500,000 publication
scale. Thus far across the Noctis Labyrinthus region,
the following minerals have been identified in association with light-toned deposits (LTDs): several kinds of
sulfates (monohydrated {kieserite, szomolnokite} and
polyhydrated sulfates, jarosite, and Ca-sulfates {gypsum, basanite}, clays {Fe/Mg-phyllosilicates and Alphyllosilicates}, a doublet absorption between 2.2-2.3
µm, and hydrated silica/opal. The role of water, both in
the formation of the Noctis depressions and the hydrated deposits found within them, is a focus of this investigation. The diverse range of sulfates and phyllosilicates identified within the depressions of Noctis Labyrinthus either resulted from localized aqueous activity
[8,9] and/or may have been part of a broader synoptically driven period of late activity during the Late
Hesperian to Amazonian [e.g., 10-12].
Constraints from geologic mapping and morphologic and stratigraphic analyses will be key contributions toward deciphering the geologic diversity and
history of this portion of Noctis Labyrinthus, with specific implications regarding the role and history of water. In particular, the timing, duration, nature, and spatial extent of the influence of water-related processes
in the region is a focus on this study. An understanding
of the history of deformation and collapse within this
region will also be key to deciphering the timing of
sedimentary deposition and aqueous alteration.
Mapping Progress: We have been working in the
second year of our grant on mapping geologic units
and linear features (Fig. 1). Numerous structural fea-

tures, including grabens and scarps, are found throughout the mapping region. Mapping of normal faults and
grabens indicate multiple episodes of collapse. Several
volcanic shields have been identified along the plateau.

Figure 1. THEMIS daytime IR basemap with MOLA
topography overlain in color for our geologic mapping
region in Noctis Labyrinthus. Linework shows structural features across the mapping region and geologic
units within the trough and pit depressions.
Detailed examination and mapping of the LTDs
are providing key stratigraphic relationships (Fig. 2)
that may allow us to decipher the origin of these deposits. In addition to the LTDs, other floor deposits
include mass wasting and landslide materials, which
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have been identified in several of the Noctis depressions. Lava flows have also been identified and
mapped on several trough floors. An example of platyridged flows with a pyroxene composition and a Late
Amazonian age [13] are shown in Figure 3.

7058.pdf

pression within one of the troughs (Fig. 4) indicates
younger volcanism occurring after formation of the
trough. Once all geologic units have been identified
and mapped, crater size-frequency distributions combined with cross-cutting and stratigraphic relationships
will be used to establish ages of each geologic unit.

Figure 2. Digital Terrain Model perspective view (5X
VE) of a depression in Noctis that contains LTDs. A
younger landslide (L) buried a portion of the LTD.

Figure 4. Example of a possible lava pit and lava
channel within a trough.

Figure 3. Late Amazonian-aged platy-ridged lava
flows [13] on a trough floor.
Loose eolian debris covers much of the plateau,
trough floors, and wallrock, obscuring geologic contacts between different units at these locations. No
fluvial channels have yet been identified, but a possible
volcanic channel sourced by a collapsed rounded de-
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L08201, doi:10.1029/2011GL046844. [13] Mangold
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GEOLOGIC MAPPING TO CONSTRAIN THE SOURCES AND TIMING OF FLUVIAL ACTIVITY IN
WESTERN LADON BASIN, MARS. Catherine M. Weitz1, Sharon A. Wilson2, Ross P. Irwin III2, and John A.
Grant2, 1Planetary Science Institute, 1700 E Fort Lowell, Suite 106, Tucson, AZ 85719 (weitz@psi.edu);
2
Smithsonian Institution, National Air and Space Museum, Center for Earth and Planetary Studies, MRC 315,
Independence Ave. at 6th St. SW, Washington DC 20013.
Introduction: The western section of Ladon
basin and its bounding basin ring structures to the
west hold numerous clues to understanding the long
history of drainage across the Margaritifer Terra
region of Mars [1-7]. We are mapping two
quadrangles in Margaritifer Terra (–15032 and –
20032, Fig. 1) to define the evolution of the western
Ladon basin region as it relates to fluvial/alluvial
events occurring on surrounding surfaces. As part of
this mapping, we are also evaluating the morphology,
stratigraphy, mineralogy, and distribution of newly
identified sedimentary deposits in small inter-ring
basins in the highlands west of Ladon basin. We hope
to determine how they may relate to either a past
discharge out of Argyre basin along the UzboiLadon-Morava mesoscale outflow system, a possible
lake in Ladon basin, deposition in Holden crater
and(or) Ladon and Uzboi Valles to the south, or
relatively late-occurring alluvial-fan-forming events
recognized in the region [6].
Mapping Progress: We have completed mapping
of all structures and geologic units within our two
quadrangles, many of which correlate with those
mapped to the east and south of our two quadrangles
[8]. The current status of our map is shown in Figure
1. The primary map base is the controlled daytime
THEMIS IR mosaic, supplemented with CTX images
where available. Mapping is being done at 1:200,000,
with an expected map publication scale of
1:1,000,000. The following units are defined:
Mountainous Unit (Nm): The Mountainous Unit
contains
remnant
high-standing
bedrock
promontories from the Ladon and Holden basin ring
structures that date to the Middle Noachian [8].
Terra Unit (HNt): The Late Noachian to Early
Hesperian Terra Unit is a widespread, smooth to
rolling, cratered and variably dissected surface
between degraded impact craters [8]. It covers much
of the terrain outside of Ladon basin in the western
portion of our mapping region.
Channel Units (HNch1, HNch2): The formation of
Ladon Valles produced both an early flooded surface
(HNch1) and a later flow that coalesced into a single
channel (HNch2) during the Late Noachian to Early
Hesperian [8].
Basin Fill Units (HNb1, HNb2 and AHb3): Ladon
basin accumulated fill materials that could be older
sediments from Ladon Valles, later fluvial deposits
from centripetally draining valleys, and possibly

Figure 1. Geologic map of western Ladon basin and
surrounding uplands.
volcanic flows. Unit AHb3 was mapped based upon
CTX images that showed a smooth, dark, lithified
surface with few well-preserved small craters. The
unit is stratigraphically above the other two basin
units and Hl1. The deposit may have formed by
volcanism, eolian, or lacustrine processes within
Ladon Valles and Ladon basin.
HNb2 consists of mixtures of rough, bright
surfaces with numerous preserved craters and
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smoother darker surfaces with fewer craters. We
interpret the differences in morphology and crater
populations to be variable thicknesses of eolian
debris that mantles the unit. Crater age dating
analyses for this unit yield a Late Noachian/Early
Hesperian age, consistent with previous mapping [8].
HNb1 is best mapped when viewed in THEMIS
IR data. It appears brighter in daytime IR and darker
in nighttime IR (lower thermal inertia) compared to
HNb2. The morphology of HNb1 is similar to HNb2,
but it appears to be slightly lower in stratigraphy,
suggesting it represents a basin fill material with
different thermophysical properties than HNb2.
Volcanic Unit (Hv): This unit was not previously
mapped by [8] in eastern Ladon. The unit consists of
two volcanic cones and associated lava flows found
along the southern edge of Ladon basin. The age of
the unit is Amazonian based upon crater counts,
although the area is not very large for calculating
reliable statistics.
Crater Units: All clearly delineated ejecta blankets
and crater rims for craters >5 km in diameter have
been mapped. These include Noachian-aged craters
that have heavily modified crater rims with little to
no preserved ejecta. The Late to Early Hesperian
craters are moderately degraded craters with
relatively continuous ejecta (Hc1). Late Hesperian to
Late Amazonian craters (AHc2) have well-preserved
ejecta, with little rim modification and/or infilling.
Light-toned Layered Units (Hl1 and Hl2): A
Hesperian light-toned layered unit within Ladon
Valles and Ladon basin (Hl1) consists of medium- to
light-toned, phyllosilicate-bearing beds with meter to
sub-meter thickness and traceability of kilometers
(Fig. 2). This unit is sometimes overlain by a darktoned, more resistant capping layer that preserves
small craters (in some locations mapped as Hb3).
Light-toned layered deposits along the Ladon basin
floor appear to be locally superposed deposits. The
largest exposures of light-toned layered deposits are
observed at the distal end of Ladon Valles. Hl1
deposits could have resulted from discharge
associated with flooding that created Ladon Valles or,
alternatively, from lacustrine sediment that
accumulated in Ladon basin.
Along the western Ladon uplands, we mapped
similar light toned deposits (Hl2) that are associated
with lower-lying topography along crater floors or
within valleys. We interpret the phyllosilicatebearing layered deposits to have formed by fluvial
erosion of Nm and/or HNt that was subsequently
transported by valleys and deposited within craters or
upland basins.
Light-toned Altered Unit (Ha): This unit
represents light-toned, possibly layered, deposits
along crater floors. These craters have no obvious
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valley system that flows into the crater. For this
reason, and due to the lack of CRISM data to
determine mineralogy, we are uncertain if the unit
consists of detrital sediments like Hl2 or represents in
situ alteration of pre-existing crater floor deposits.

Figure 2. Example of finely layered light-toned
deposit in unit Hl2. HiRISE PSP_010342_1600.
Geologic History: In all, we observe the
following sequence of events: (i) Formation of Ladon
and Holden impact basins in the middle Noachian,
producing the mountainous unit Nm; (ii) Landscape
degradation and infilling during the Midde/Late
Noachian with the terra unit HNt; (iii) Formation of
Ladon Valles in the Late Noachian to Early
Hesperian by catastrophic flooding to produce
channel units HNch1 and HNch2; (iv) In the Late
Noachian to Early Hesperian, Ladon basin floor
accumulated sediments that resulted in units HNb1
and HNb2; (v) Deposition of light-toned layered
deposits (Hl1 and Hl2) during the Hesperian within
Ladon Valles, Ladon basin, and other smaller valley
networks along the western uplands, as well as
aqueous alteration along some crater floors (Ha); (vi)
Deposition of unit AHb3 within Ladon basin and
Ladon Valles; (vii) Eruption of volcanic unit Hv in
the Amazonian. Aeolian erosion of friable
sedimentary deposits and aeolian deposition on other
surfaces during the Amazonian. Craters formed
throughout the geologic history of the mapping
region.
References: [1] Grant J. A. et al., 2008, Geology, 36,
195-198, doi: 10.1130/G24340A; [2] Grant J.A. et al.,
2010, in Lakes on Mars, edited by N. A. Cabrol and
E. A. Grin; [3] Irwin R. P., III, and J. A. Grant, 2009,
in Megafloods on Earth and Mars, edited by D. M.
Burr et al., 209-224; [4] Pondrelli M. et al., 2005, J.
Geophys. Res., 110, 2004JE002335; [5] Pondrelli
M.A. et al., 2008, Icarus, 197, 429-451; [6] Grant J.
A. and S.A. Wilson, 2011, Geophys. Res. Letts., 38,
L08201, doi:10.1029/2011GL046844; [7] Grant J. A.
and S.A. Wilson, 2012, Planet. Space Sci.,
10.1016/j.pss.2012.05.020; [8] Irwin R.P. III and J.A.
Grant, 2013, USGS SIM 3209, scale 1:1,000,000.
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MANUAL SURFACE FEATURE CLASSIFICATION AND ERROR ANALYSIS FOR NASA’S OSIRISREx ASTEROID SAMPLE RETURN MISSION USING QGIS. M. M. Westermann1 1University of Arizona
OSIRIS-REx (mmwest@orex.lpl.arizon.edu)

Introduction: Error mitigation of manual detection
and classification of rocks, boulders, and craters on
image mosaics can be accomplished through the use of
open source geographic information systems (GIS) and
standard land-cover change analysis methods. More
accurate detection and classification of rocks, boulders,
and craters, hereafter referred to as hazardous features,
is especially important for NASA’s OSIRS-REx Asteroid Sample Return Mission with target asteroid
(101955) Bennu. OSIRIS-REx is the first US lead
space mission that will return a pristine sample of carbonaceous asteroid to Earth in 2023, providing unprecedented insight into the history of our Solar System. A
unique syndicate of engineering and science during
proximity operations around Bennu is required to successfully navigate, select a sample site, and ultimately
perform a Touch-and-Go (TAG) maneuver, where the
spacecraft’s articulating arm or TAG Sample Acquisition Mechanism (TAGSAM) will extend to barely
touch the surface and extract a minimum 60g regolith
sample from Bennu [1]. TAGSAM can only accommodate a grain size of <2cm and a sampling surface
angle of <14˚. As rocks, boulders, craters, and other
large surface features threaten these criterion, accurate
identification and classification is a vital input to inform sample site selection.
Accurate manual detection and classification of
hazardous features is jeopardized by human discretion.
To mitigate human-error it is necessary to classify the
same surface region multiple times or by multiple users and have the ability to compare the datasets. Landcover change analysis methods like cross-classification
are commonly used with remotely sensed data of Earth
to observe how land types change on a temporal scale.
In this study, the open source geographic information
system (GIS) Quantum GIS (QGIS) was used to perform a cross-classification analysis to compare two
hazardous feature datasets of the same region on a local test image mosaic of Bennu.
Methods: A local image mosaic of Bennu’s surface was computer-generated by the OSIRIS-REx Image Processing Working Group (IPWG) to use as the
basemap layer for digitizing (figure 1). Using the
QGIS shapefile layer capability, rock, boulder, and
crater polygon layers were created and in edit mode the
contours of hazardous features were manually digitized
resulting in three separate shapefiles with feature classification type indicated in the attribute table. The three
shapefiles were merged into one shapefile using the

vector layer data management tool. A field, called
rast_value, was added to the shapefile that assigned a
numeric value that distinctively corresponded to either
rock, bolder, or crater. The shapefile was then rasterized using the same resolution as the basemap layer
and based on the rast_value column ultimately resulting in a raster where the pixel value indicated the hazardous feature type. This process was repeated once
more on the same image mosaic, however instead of
digitizing exact contours around the hazardous features, more generic polygons were drawn so that it
would obviously vary from the first dataset. The process ultimately resulted in two unique hazardous feature shapefile datasets and two unique hazardous feature rasters where the first shapefile dataset and raster
are called shapefile1 and raster1 and the second shapefile dataset and raster are called shapefile2 and raster2
(figure 2).
Figure 1: Local test image mosaic of Bennu used as the
basemap for digitizing hazardous features.

Figure 2: Raserization of shapefile1 and shapefile2
hazerdous features.
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Using raster1 and raster2 as inputs, within QGIS
the Cross-Classification and Tabulation plugin tool
from SAGA geoalgorithms was run to produce a crossclassification error matrix table and cross-classification
raster grid. From the cross-classification error matrix
the omission error, commission error, and over-all accuracy were calculated (figure 3). The crossclassification raster grid was colorized to visually represent how the classified pixels of the input rasters
converged or diverged from each other (figure 4).
Discussion: The cross-classification analysis produced valuable quantitative and visual results for exposing differences and similarities between two datasets that are meant to define the same hazardous features. Though the datasets created for the purpose of
this study were intentionally generated to be obviously
Figure 3: Cross-classification grid and calculated
omission error, commission error, and over-all accuracy from cross-classification and tabulation analysis of
raster1 and raster2.
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Figure 4: Cross-classification raster resulting from
cross-classification and tabulation analysis of raster1
and raster2.

distinct from one another, the same cross-classification
technique could be used on datasets with more subtle
differences. Overall accuracy is likely the most obviously useful result, providing the ratio of total pixels
classified with the same value between raster1 and
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raster2 to the total number of pixels in the basemap.
This ratio is useful to get a quick understanding of
whether datasets are reliable enough to inform siteselection. This study yielded an overall accuracy of
80.41%, meaning 80.41% of pixels in the basemap
were classified the same way in raster1 and in raster2.
Omission error and commission error elaborate on
overall-accuracy. Omission error yields the probability
of a pixel in raster2 having the same value as the same
pixel in raster1. Commission error yields the probability of a pixel in raster1 having the same value as the
same pixel in raster2. Since these values are calculated
for each hazardous feature type, they can provide more
than just a general overview of differences and similarities between datasets and can specifically point to
which hazardous feature types were classified consistently and which ones were not. In the context of this
study it would appear rock classification drove accuracy down having the lowest omission and commission
errors of all three-hazardous feature types. The full
story of these statistics can be visualized on the crossclassification grid raster where exactly how the pixels
changed or stayed the same between raster1 and raster2 is represented. For example, figure 4 indicates in
yellow, pixels that were not classified as any hazardous
feature is raster1, but were classified as rock in raster2.
This is important in the context of sample-site selection as you would not want to mistakenly believe an
area to be free of hazards that was not.
Conclusion: Cross-classification analysis does not
eliminate human error in manual hazardous feature
detection and classification, but it does inform the degree to which we can trust manual detection and classification. Furthermore, using QGIS to generate the hazardous feature dataset opens the door for the use of
other GIS capabilities. Shapefiles and rasters are easily
imported into spatial databases where queries can be
run to calculate and visualize things like average grain
size of rocks or size-frequency distribution of boulder
and craters. In addition, other data that OSIRIS-REx
collects from Bennu, like spectral or thermal data, can
be used in spatial queries to further reconcile the chemical and physical properties of Bennu and ultimate
solve spatial problems, the most important being to
find the safest, most sample-able, and most scientifically valuable place to TAG on Bennu.
References:
[1] Lauretta D. S. (2015) Handbook of Cosmic
Hazards and Planetary Defense, 543–565.
Acknowledgments: This work was supported by
NASA contract NNM10AA11C.
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UPDATE ON THE GEOLOGICAL MAPPING OF DWARF PLANET CERES FROM NASA’s DAWN
MISSION. D. A. Williams, and the Dawn Science Team, School of Earth & Space Exploration, Arizona State University, Box 871404, Tempe, AZ 85287 (David.Williams@asu.edu).

Introduction: NASA’s Dawn spacecraft arrived at
dwarf planet Ceres on March 5, 2015. As part of the
Ceres orbital mission, the Dawn Science Team instituted a geological mapping campaign, building on the
successful mapping campaign for asteroid (4) Vesta
[1]. In this abstract I report on the current progress of
the Ceres mapping campaign.
Data for Mapping: Dawn’s Nominal Mission at
Ceres [2] consisted of operations in four orbital phases:
Approach (Framing Camera (FC) spatial resolution 101.3 km/pixel), Survey (415 m/pixel), High Altitude
Mapping (HAMO, 140 m/pixel), and Low Altitude
Mapping (LAMO, 35 m/pixel). Geologic feature identification on Ceres began during approach, and a series
of geologic maps are being generated using FC image
basemaps and stereo-based digital terrain models
(DTMs) from Survey, HAMO, and LAMO orbits. The
first Survey-based geologic map was published in [3].
HAMO-based Global Map: Dawn at Ceres Guest
Investigator Scott C. Mest is leading the effort to construct a global geologic map based on HAMO images.
This map not only describes the global geology of
Ceres, but also includes a preliminary Ceres chronostratigraphy and geologic time scale developed from
work by the whole Science Team. For details on the
HAMO global map, see the LPSC abstract by Mest et
al. [2017].
LAMO-based Quadrangle Maps: The surface of
Ceres was divided into 15 quadrangles to aid in cartographic processing of Framing Camera images [4], and
these 15 LAMO-based image quadrangles served as
basemaps for our high-resolution geologic mapping.
The goal of this mapping campaign was to conduct
detailed geological studies of interesting reagions/features on Ceres to aid in determination of
Ceres geologic history, and to provide geologic context
to support analyses of the Visible and Infrared spectrometer (VIR) and Gamma Ray and Neutron Detector
(GRaND) and gravity data sets. Preliminary geological
maps were presented as a series of 14 posters at the
47th LPSC. Since March 2016 we have received final
FC image mosaics, revised DTMs, and preliminary
VIR data to complete final ‘nominal mission’ versions
of our quadrangle-based geologic maps. All mapping
is being done using ArcGIS™ software. Generating
consistent project data (w.r.t. structure and geometry)
and comparable map sheets (w.r.t. cartographic symbology) required creation of a GIS template [5]. The
map results are being included in a series of papers for

a Special Issue of Icarus to be published in 2017, in
which the individual quadrangle map papers are under
review (as of April 2017). In the following sections we
highlight some of the key results from several of our
quadrangle maps.
Kerwan Quadrangle. The 284-km diameter Kerwan impact basin (center 10.77˚S, 123.99˚E) is the
largest indisputable and oldest impact crater on Ceres,
based on 1) the degradation state of its rim [6, 7] and
the lack of any identifiable ejecta from Kerwan, suggesting the terrain has been gardened to the point
where Kerwan is indistinct from the surrounding cratered terrain; 2) the lack of any larger, definitive impact craters [8]; 3) preliminary crater size-frequency
distribution measurements of ‘smooth’ material in and
surrounding the Kerwan basin, indicating it is the oldest unit outside of the ‘cratered terrain’ that makes up
most of Ceres’ crust [7]; and 4) modeling suggesting
that the Kerwan basin has undergone considerable viscous relaxation compared to Ceres smaller craters,
suggestive of advanced age [6]. Crater counts of the
‘smooth’ material within and around the Kerwan basin
indicate an absolute model age (AMA) of 1.30 Ga
(Lunar-Derived chronology Model, LDM: [7]) and
0.27 Ga (Asteroid-Derived Model, ADM: [7]). Although there are no contact relations between Kerwan
and Yalode basin materials, based on our current crater
counts of their ejecta blankets, we infer that Kerwan is
older than Yalode, and that the Kerwan impact event
marks the base of the cerean geologic timescale, separating the Pre-Kerwanan cratered terrain from younger
Kerwanan materials [9].
Urvara-Yalode Quadrangles. Urvara (170 km diameter) and Yalode (260 km diameter) are adjacent
impact basins in Ceres’ southern hemisphere. Crosscutting and superposition relations show that Urvara
superposes Yalode, that their ejecta blankets are complexly intermingled, and that large areas of smooth
material now cover much of their floors and extend
beyond their rims, with some possible evidence of localized ice-rich flows. AMAs of their ejecta blankets
indicate Urvara formed ~120-140 Ma (LDM) whereas
Yalode formed ~1.1 Ga or earlier (LDM) [10]. For
additional details see the LPSC abstract by Crown et
al. [2017].
Occator Quadrangle: Occator Quadrangle has four
large craters that have fractured, shallow floors, morphologically similar to lunar floor fractured craters.
The fractures are interpreted to be caused by uplift
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from cryomagmatic plumes. The 92 km diameter crater
Occator is well known for its bright spots, now named
Cerealia Facula (central bright spot) and Vinalia Faculae (eastern bright spots). The Vinalia Faculae occur
over the Occator floor fractures, thought to be the
source vents for explosive cryovolcanic venting (for
more details, see the abstract by O. Ruesch et al. [this
meeting]. Cerealia Facula may also have had explosive
venting, but is dominated in its center by a ~2 km diameter dome within a 9 km wide central pit [11], interpreted as an extrusive cryovolcanic construct [12].
Haulani Quadrangle: 34 km diameter Haulani
crater is one of the youngest features on the surface
(~1.7-2.5 Ma, both chronology systems). This crater
displays distinctive rays and a bright ejecta blanket, as
well as a complex interior morphology including terraces, a central peak, and both smooth and hummocky
floor materials. Lobate materials suggest ice flows or
possibly cryovolcanic flows [13].
Endgame: Once final revisions to the quadrangle
maps have been completed, and all of the quadrangle
mapping papers have been accepted, we will merge
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together the 15 quadrangle maps in ArcGIS™ to make
a final LAMO-based global map of Ceres (Figure 1).
This will be made freely available by the Dawn Science Team, and will serve as the definitive map until a
USGS-publishable global map of Ceres can be proposed to NASA, probably in 2018.
References: [1] Williams, D.A. et al. (2014) Icarus, 244, 1-12. [2] Russell, C.T. and Raymond, C.A.
(2011) Space Sci. Rev., 163, 3-23. [3] Buczkowski,
D.L.
et
al.
(2016)
Science,
353,
dx.doi.org/10.1126/science.aaf
4332. [4] Roatsch, T. et al. (2016) PSS 129, 103-107.
[5] Nass, A. et al. (2017) LPSC, this meeting. [6]
Bland, M.T. et al. (2016) Nat. Geosci., 9, 538-542. [7]
Hiesinger, H. et al. (2016) Science, 353,
dx.doi.org/10.1126/science.aaf4759. [8] Marchi, S. et
al. (2016) Nat. Comm., dx.doi.org/10.1038/ncomms
12257. [9] Williams, D.A. et al. (2017) Icarus, in review. [10] Crown, D.A. et al. (2017) Icarus, in review.
[11] Schenk, P. et al. (2015) EPSC EPSC2015-400.
[12] Buczkowski, D.L. et al. (2017) Icarus, in review.
[13] Krohn, K. et al. (2017) Icarus, in review.

Figure 1. First conversion of 8 of 15 LAMO-based quadrangle maps of dwarf planet Ceres into one single geologic
map (imaged as Molleweide projection). This matching was implemented by the help of the predefined ArcGIS™
template. NOTE: These quadrangle maps are undergoing peer review, and will be adapted and updated before final
publication. GIS processing and cartographic support by Andrea Nass, DLR.
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LRO DIVINER LUNAR RADIOMETER GLOBAL DATA PRODUCTS. J.-P. Williams1, D. A. Paige1, M. T.
Sullivan1, B. T. Greenhagen2, J. L. Bandfield3, and E. Sefton-Nash4, 1Earth, Planetary, and Space Sciences, University of California, Los Angeles (jpierre@mars.ucla.edu), 2Johns Hopkins University, Applied Physics Laboratory,
Laurel, MD, 3Space Sciences Institute, Boulder CO, 4European Space Agency, ESTEC, Noordwijk, The Netherlands.
Introduction: The Diviner Lunar Radiometer Experiment onboard the Lunar Reconnaissance Orbiter
(LRO) [1] has been acquiring solar reflectance and
mid-infrared radiance measurements of the lunar surface nearly continuously since July of 2009 [2],[3].
The instrument has nine spectral channels spanning the
wavelength range 0.3 to 400 microns, providing a
global perspective of the surface energy balance of the
Moon revealing the complex and extreme nature of the
lunar surface thermal environment. We have developed several higher level gridded data products to
make the extensive dataset more accessible and user
friendly for the community [3],[4],[5],[6]. Existing
data products have been updated, and new global map
products have been added to the NASA Planetary Data
System (PDS) Geosciences node in 2017. We review
these products and demonstrate examples of how they
can be applied to address lunar science goals.
Reduced Data Records: The Diviner Reduced
Data Records (RDR) are archived with NASA PDS
within 3-months of acquisition. Diviner acquires 21
measurements in each spectral channel every 0.128
seconds. Each of these measurements generates an
RDR record. This includes calibrated radiances and
associated ephemeris and geometry information. The
data are organized into files containing 10-minutes of
time sequenced data and can be downloaded directly
from the PDS, or accessed via the web-based PDS
Lunar Orbital Data Explorer.
Gridded Data Records: We use the RDR data to
generate Gridded Data Records (GDR). Approximately each month, the longitudes of the ascending and
descending legs of the LRO orbit cycle between 0° and
360° separated by approximately 12 hours lunar local
time. Each of the ~monthly cycles is gridded into our
Level 2 mapped products using a spatial averaging
scheme that projects the Diviner field of views onto a
realistic three-dimensional model of the Moon based
on LOLA topographic grids [2],[7]. Diviner acquires
24 monthly maps this way each year, with each map
covering roughly 2 hours of local time.
Level 3 data. From the Level 2 data sets, we generate Level 3 data products that involve some aspect of
modeling. These include the bolometric temperatures,
the rock abundance, the regolith fines temperatures,
and the Christiansen feature (CF).

Bolometric temperature is a measure of the spectrally integrated flux of infrared radiation emerging
from the surface and is determined from the brightness
temperatures of the individual infrared spectral channels. The bolometric temperature is the most fundamental and interpretable measurable quantity for the
purposes of quantifying the overall heat balance of the
surface and comparing with available models [8].
The rock abundance and regolith fines temperatures are derived from modeling the anisothermailty
observed in the Diviner IR channels [6].
Anisothermality results when the instrument’s field of
view contains a mixture of surfaces radiating at different temperatures, such as large rocks (meter-scale and
larger) that remain warmer then surrounding fine-grain
regloth during the long, ~13 earth day, lunar night.
Maps of rock abundance and regolith temperatures
normalized for local time, latitude, and slope, are
available covering latitudes 80°.
Three of Diviner’s channels are centered around 8
μm to characterize a compositional indicator of silicate
mineralogy called the Christansen feature (CF) [5].
Common lunar minerals exhibit variations in the wavelength at which the spectral feature peaks and maps of
the CF position are available covering latitudes 70°.
Level 4 data. All nadir-pointing data acquired over
the first 5.5 years of the LRO mission, approximately a
quarter trillion calibrated radiance measurements, have
been compiled into a 0.5° resolution global dataset
with a 0.25 hour local time resolution. This provides a
course diurnal temperature cycle for each map pixel
location and has been released in the Spring of 2017 as
a new Level 4 data set.
This data set significantly lowers the level of effort
for data users to incorporate Diviner results into their
research or presentations. Maps generated with this
dataset provide a global perspective of the Moon’s
surface energy balance. Example applications and
analysis of this data set are described in Williams et al.
[3] and Figures 1 and 2 provide examples of how the
data can be utilized to create map products and characterize radiative and thermophysical properties of the
lunar surface.
References: [1] Paige D. A. et al. (2009) Space
Sci. Rev., DOI:10.1007/s11214-009-9529-2. [2] Wil-
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liams J.-P. et al. (2016) Icarus, 273, 205–213. [3] Williams J.-P. (2017) Icarus, 283, 300–325. [4] Paige D.
A. et al. (2011) LPSC 42nd, Abstract #2544. [5]
Greenhagen B. T. et al. (2010) Science, 329, 1507–
1509. [6] Bandfield J. L. et al. (2011) J. Geophys.
Res., 116, E00H02, doi:10.1029/2011JE003866. [7]
Smith D. E. et al. (2010) Geophys. Res. Lett., 37,
L18204. [8] Paige D. A. et al. (2010) Science, 330,
479–482.

Figure 1. Broad characterization of terrains based on minimum and maximum temperatures (normalized
by zonal mean temperatures). Maximum temperatures are sensitive to the radiative properties of the surface and minimum temperatures are sensitive to the thermophysical properties of the regolith. This characterization is highlighted in an RGB composite map (±70° latitude) where the red channel is visual
brightness derived from Diviner’s visible channel (channel 1), the green channel is the minimum
temperaures, and the blue channel is the maximum temperatures. Terrains can be characterized as
low/high reflectance and low/high thermal inertia (TI). Young craters and rays (yellow/orange) are bright
and high TI. Cold spots and radar dark halos (magenta) are bright and low TI, mare (cyan/blue) are dark
and high TI, pyroclastic deposits (blue) are dark and low TI [3].

Figure 2. Mean nighttime (local time hours 20–4) brightness temperature difference between Diviner
channels 6 and 8 highlighting anisothermality in Diviner observations. Areas of higher anisothermality
have greater mixtures of surfaces radiating at different temperatures. Grey areas near the poles are where
channel 6 loses sensitivity below ∼95 K [3].
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GEOLOGIC MAPPING IN SOUTHERN MARGARITIFER TERRA ON MARS AND THE EVOLUTION
OF NIRGAL VALLIS. S. A. Wilson1, J. A. Grant1, and D. L. Buczkowski2, 1Center for Earth and Planetary
Studies, National Air and Space Museum, Smithsonian Institution, 6th at Independence SW, Washington, DC
(wilsons@si.edu), 2Johns Hopkins University, Applied Physics Laboratory, Laurel, MD.
Introduction: Geologic mapping in Mars
Transverse Mercator (MTM) quadrangles -20037, 25037, -30037 and -30032 encompasses Uzboi Vallis
and terrain west of Holden and Ladon basins in
southern Margaritifer Terra (Fig. 1A). This region
preserves a long record of aqueous activity, and
mapping helps to constrain the timing, source,
duration and relative importance of aqueous versus
other geomorphic processes (Fig. 1B).

Fig. 1. A) Map quads cover 17.5°S-32.5°S, 320°E325°E and 27.5°S-32.5°S, 325°E-330°E (black
boxes). Stars mark craters with alluvial fans [1-2].
MOLA over THEMIS IR. B) Preliminary geologic
map, 1:1M scale. Box shows location of Fig. 2A.
Background: The Noachian-Hesperian age [1]
Uzboi-Ladon-Morava outflow system dominates the
regional drainage from Argyre to the northern plains
[3-7]. Holden crater formed in the mid to Late
Hesperian [7] and blocked the northern end of Uzboi
Vallis, creating an enclosed basin within Uzboi that
flooded and formed a large paleolake [8]. Nirgal
Vallis is a 670 km-long [9] east-west trending valley
network that debouches into Uzboi along its western
flank south of crater Luki (Figs. 1 and 2A). Despite
being Uzboi’s largest tributary, one of the
outstanding questions regarding the geologic history

of this region is the age, timing and duration of
fluvial activity within Nirgal Vallis [8]. Furthermore,
it was unclear whether discharge from Nirgal
contributed to the relatively short-lived lake in Uzboi
or if fluvial activity in Nirgal terminated prior to the
filling and draining of the Uzboi basin [8]. Hence,
the nature of a deposit on the floor of Uzboi Valles at
the mouth of Nirgal helps constrain possible sources
of water for Lake Uzboi [8] and furthers our
understanding of the aqueous history of this region
that extended into the Late Hesperian.
Observations and Results: The deposit at the
mouth of Nirgal Vallis consists of a fairly small (~40
km3), symmetric fan-shaped deposit (Fig. 2A) that is
stratigraphically on top of a larger (~200 km3) mound
of light-toned material. The lower mound is offset
downstream toward Holden crater (Fig. 2B) [11] and
is incised by a few shallow and poorly integrated
channels [6]. The total estimated volume of the
deposit at the mouth of Nirgal (upper fan-shaped
material and underlying mound) is significantly less
(~240 km3) than the approximate volume of material
removed from Nirgal Vallis (~1600 km3) [10-11].

Fig. 2. A) Perspective eastward-looking view of
deposit in Uzboi at confluence of Nirgal Vallis,
dashed line indicates symmetric upper fan deposit at
mouth of Nirgal (MOLA 8x VE, scene elevation
ranges from 1060 to -1764 m, see Fig. 1B). For scale,
crater Luki is D~20 km. Transect corresponds to
profile in (B). B) Profile on Uzboi floor in (A), arrow
indicates low point in Uzboi south of Nirgal. Dashed
line projects Uzboi floor beneath Nirgal deposits.
Nature of the upper fan-shaped deposit at mouth
of Nirgal Vallis (Fig. 3A): Proximal to the mouth of
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Nirgal, the fan surface appears degraded, consisting
of light-toned material that incorporates meter-scale
blocks and lacks obvious layering [11]. Preliminary
analysis of one relatively noise-free CRISM FRT
(Fig. 3B) indicates the presence of olivine, small
outcrops of low-calcium pyroxene and possible
aluminum phyllosilicates. The distal fan surface ~15
km southeast of the confluence of Nirgal and Uzboi
has hints of layering and may incorporate different
rock types (Fig. 3C). The southern margin of the
deposit (Fig. 3D) exposes light-toned horizontal
layers near the fan surface [10-11] (Fig. 3E) and
layers near the base dip ~5° to the SE (Fig. 3F).
Discussion: The net difference in volume
between the Nirgal deposits in Uzboi relative to the
volume of material eroded from Nirgal Vallis
suggests most of the material eroded by Nirgal
debouched into Uzboi when there was active flow
through the system, thereby resulting in much of the
sediment being transported downstream. The bulk of
the deposit that is offset downstream beneath the fanshaped deposit (Fig. 2B) suggests the majority of the
incision of Nirgal likely pre-dated deposition into
Lake Uzboi. The roughly symmetrical fan-shaped
deposit at the mouth of Nirgal Vallis today, however,
may be indicative of deposition into Lake Uzboi, an
environment consistent with the form of the deposit
and associated gently dipping layers (Fig. 3). If
correct, this implies that late fluvial activity in Nirgal
was concurrent with Lake Uzboi and (or) was related
to water draining out of Uzboi as the lake drained
northward into Holden.
References: [1] Moore, Howard 2005 JGR,
doi:10.10 29/2005JE002352 [2] Wilson et al. 2013
LPSC Abst. 2710 [3] Grant 1987 NASA Memo
89871, 1-268 [4] Grant, Parker 2002 JGR,
doi:10.1029/20 01JE001678 [5] Parker TJ 1985
Thesis, Cal. State [6] Saunders SR 1979 USGS Map
I-1144 [7] Irwin, Grant 2013 USGS Map I-3209 [8]
Grant et al. 2011 Icarus, doi:1 0.1016/j.icarus.20
10.11.024 [9] Reiss, D. et al. 2004 JGR
doi:10.1029/2004JE002251 [10] Wilson, Grant 2016
LPSC Abst. 2505 [11] Wilson, Grant 2016 PMM
Abst. 7034 [12] Kneissl et al. 2010 LPSC Abst. 1640.
Fig. 3. A) Upper fan deposit at mouth of Nirgal
(dashed line, see Fig. 2A). B) Mosaic of CRISM
Map-projected Targeted Reduced Data Record
(MTRDR) images FRT 1B5F2 (upper) and 16554
(lower), see Fig. 3A. The MTRDRs are mapprojected and standardize CRISM-measured spectral
radiance to what they would be for each scene if
viewed entirely at nadir, with normal illumination,
without atmospheric gas absorptions, by an artifactfree instrument with a single optical path and full
spectral range detector. Spectral parameter images
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overlie corrected I/F imagery to show the location of
olivine (OLINDEX: red), low-calcium pyroxene
(LCPINDEX: green) and Fe/Mg phyllosilicates
(D2300: blue). C) Degraded fan surface with color
and textural variations may suggest different rock
types; arrows indicate possible layering. HiRISE
PSP_ 003565_1495. D) 3-D view of southern margin
of Nirgal deposit ~15 km from the mouth of Nirgal
(5X VE). HiRISE DTM ESP_042082_1495 (image
~6 km across). E) Light-toned, fine-grained layers
along fan surface. F) Strike and dip (blue symbols) of
layers exposed near the base of fan deposit dip ~5° to
the SE (from LayerTools software [12] in ArcGIS).
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The SPICE Geometry Finding Subsystem. E. D. Wright1 1Jet Propulsion Laboratory, California Institute of
Technology, 4800 Oak Grove Dr. Pasadena, CA. Edward.D.Wright@jpl.nasa.gov.

Introduction:
The Navigation and Ancillary Information Facility
(NAIF) at the Jet Propulsion Labratory developed the
SPICE System in order to store, retrieve and perform
analysis of data observed by unmanned NASA planetary missions. [1]
Most geometry computations performed with
SPICE involve calculating a geometric quantity of
interest at a specified time, i.e. x = f(t). The system
now includes a Geometry Finder (GF) Subsystem capable of determining the time or times, during a defined time interval, a known geometric condition satisfies a particular restraint, i.e. t = g(x).
Either a scalar value or a boolean value defines the
geometric condition, while a bounds on the condition
defines the restraint.
Geometric quantities coded in the Geometry Finder
Subsystem are:
Distance (range)
Is target body in field-of-view?
Illumination angles
Is in occultation?
Phase angle
Observer-target position coordinate
Is ray in field-of-view?
Range rate (rate of change of distance)
Angular separation
Surface intercept position coordinate
Subpoint position coordinate
Example 1: Find the time intervals from Jan 1,
2018 to Jan 1, 2019 when the Mars Reconnaissance
Orbiter (MRO) is within 500km of the Opportunity
rover.
Example 2: From Mar 1, 2018 to Nov 1, 2019, find
the ingress and egress times of an occultation of
Phobos by Mars, as seen from Earth.
The subsystem also includes two routines for a user
to perform a geometry finder calculation using a custom boolean or custom scalar routine.
Restraints applicable to those quantities described
by a scalar value:
Equal-to a reference value
Less-than a reference value
Greater-than a reference value

Absolute maximum value
Absolute minimum value
All local maximum values
All local minimum values
This poster will present a description of the implementation of the GF subsystem, and usage code examples.
References:
[1] Acton, C.H. (1996) PSS, 44 No. 1, pp. 65-70.
Additional Information:
The research described in this publication was carried out at the Jet Propulsion Laboratory, California
Institute of Technology, under a contract with the National Aeronautics and Space Administration.
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PUBLICATION OF SELENE DATA COMPLIANT WITH PDS3. Y. Yamamoto1 and Y. Ishihara1, 1Japan
Aerospace Exploration Agency/Institute of Space and Astronautical Science (3-1-1, Yoshinodai, Chuo, Sagamihara,
Kanagawa 252-5210, JAPAN).

Introduction: The Planetary Data System (PDS)
[1] is the de facto standard for archiving data for planetary explorations. The data acquired by the Japanese
lunar orbiter SELENE[2] known as Kaguya is currently released from the SELENE Level 2 Database System (L2DB)[3]. The data format is similar to PDS version 3 (PDS3), but it is essentially a different format.
Therefore, key applications such as NASAView,
GDAL, ISIS can not handle them. From the viewpoint
of compliance with PDS3 and application interface, the
new SELENE datasets are converted and released.
History: Scientific data should be open to the public so that it can be verified, but there are opinions that
it should be released from the space agency that acquired the data. In such a case, there is a possibility
that there is no agreement on data archiving with
NASA. As a result, for space agencies and projects that
do not have an internal review process, it is difficult to
prepare PDS compliant data.
The above situation occurred in the SELENE project as well. When the instrument teams created the
datasets, they were not familiar with PDS standards.
Furthermore, there was no contract between NASA
and JAXA to create a PDS3 archive. Therefore, the
project has decided to create an archive in its format
that closely resembles PDS3. Also, there was no peer
review commonly done with PDS. As a result, the datasets looked like PDS3, but the main application could
not handle the format, and it contained some mistakes.
To improve this situation we decided to convert the
SELENE datasets from L2DB datasets to PDS3 compliance datasets, especially PDS3 labels.
PDS compliance level: JAXA defined compliance
levels to clarify at what level a dataset are in the preparation status of the PDS. The PDS compliance level is
in the followings: (1) Level1: Data format only (2)
Level2: Enough documents (3) Level3: Peer-reviewed
by PDS nodes (4) Level4: Released from NASA PDS
website. In the conversion from L2DB to PDS3, the
JAXA’s PDS compliance level 1 was aimed. That is, it
intended to make the format as accurate as possible.
Important changes: There are significant changes
to understand the new SELENE datasets. (1) All PDS3
labels have been switched to detach form. (2) The
product of L2DB is the same as the concept of the dataset of PDS3. Therefore, although PRODUCT_ID
was the data type of L2DB, the base name of the file
name is adopted by this change. (3) The definition of
geographic information has been improved. In the da-

tasets
with
the
definition
of
SAMPLE_PROJECTION_OFFSET, there was a case
where the sign was reversed, so it has been fixed. The
MAP_SCALE keyword was updated as it did not have
enough significant digits for the precision of the data.
Exceptions: We tried to comply with PDS3 as
much as possible, but there are some exceptions. There
are two reasons for adopting exceptions. One is a specification that became meaningless due to changes in
the computer environment which are improved in
PDS4. For example, file names and directory names
are case sensitive, and file name extensions are not
specific ones. The other reason is due to cost constraints. PDS does not recommend storing data in an
encoded format, but some data files are compressed
with gzip. This is because the data compression rate is
high, which contributes to saving storage capacity and
network traffic.
Validation method: There are five steps in the
validation process. (1) The Validation Tool (VTool)
2.6.0 was first used as a validity check. It is repeated
until no more errors and warnings other than length
warning. The local dictionary was prepared for keywords that do not exist in the PDS3 standard dictionary.
(2) Next, we unified primary keywords and values
among the SELENE datasets to keep consistency for a
search application. (3) After that, we checked whether
the contents of the label was wrong and fixed it. In this
process, wrong file size and pointer in the PDS3 label
were fixed. (4) The validity check of the application
interface was performed. Invalid values for map projection was fixed in this process. (5) Finally, the VTool
was used again to check the modified label.
Data release: The new SELENE datasets is released from JAXA’s DARTS website[4] on June 1,
2017. In L2DB, data can be retrieved after searching
data, but data search and distribution were separated in
this conversion. Directly exposed the directory structure by HTTP so that users can see the complete structure of the datasets (http://darts.isas.jaxa.jp/pub/pds3/).
Planetary Data Access Protocol (PDAP) developed by
International Planetary Data Alliance (IPDA)[5] will
be prepared for data search.
References: [1] McMahon S. K. (1996) Planet.
Space Sci., 44, 3-12. [2] Kato M. et al. (2008) Adv.
Space Res., 42, 294-300. [3] Okumura H. et al. (2009)
LPS XXXX, Abstract #1518. [4] Tamura T. et al.
(2004) ADASS XIII., 314, 22. [5] Kasaba Y. et al.
(2009) AAS/Div. Planet. Sci. Meeting, 41, 46.02.
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GEOLOGIC MAPPING OF VESTA: PRELIMINARY RESULTS. R. A. Yingst1, S. C. Mest1, D. A. Williams2, W. B. Garry3, and D.C. Berman1, 1Planetary Science Institute (1700 E. Fort Lowell, Suite 106, Tucson, AZ
85719; yingst@psi.edu); 2Arizona State University; 3NASA Goddard Space Flight Center.
Introduction: The most recent maps of Vesta were
created relatively rapidly during the active phase of the
Dawn Vesta mission, to inform the immediate needs of
the Dawn team [e.g., 1,2, and references in that issue].
For the global mapping effort, an initial map was created using the first orbital images from the Dawn
spacecraft, and then refined with each new orbit that
yielded an improvement in resolution from the km to
the 10s of m scale [3]. Such iterative mapping represents a first, rapid assessment of gross geology, providing geologic context within a timeframe that allows a
map to inform data analysis on a rapid mission timeline. However, revealing the interrelationships of geologic characteristics (e.g., the nature and history of
large, terrain-defining impact structures; the vertical
composition of the shallow crust and how it informs
our understanding of global and regional layering and
stratigraphy; the composition, extent, timing and sequence of formation for major geologic bodies of rock)
requires a more comprehensive integration of multiple
processes, unit boundaries, information from disparate
regions, structures, features and characteristics to be
adequately addressed. Consequently, we are in the
initial stages of constructing a global geologic map of
Vesta at 1:300,000-scale for mapping and digital publication, and 1:1,500,000-scale for the print version.
Compared to previous maps, this map will incorporate
the full range of available, calibrated data including
Dawn mission elemental and mineralogical data.
Geologic Setting: Vesta is an ellipsoidal asteroid
of approximately 286 km long axis [4]. Earth-based
and Hubble Space Telescope data suggested it had
sustained large impacts, including one that produced a
large crater at the south pole. Measured and inferred
mineralogy results indicated that Vesta has an old,
differentiated surface, with spectrally-distinct regions
that can be geochemically tied to the HED meteorites
[5-7]. Dawn data confirmed that Vesta has a heavilycratered surface, with large craters evident in numerous locations. The two largest impact structures resolved are the younger, larger Rheasilvia structure, and
the older, more degraded Veneneia structure, both near
the south pole. Vesta’s surface is also characterized by
a system of deep, globe-girdling equatorial troughs and
ridges, as well as an older system of troughs and ridges
to the north. Arcuate troughs and ridges are also evident cutting across, and spiraling from, the Rheasilvia
central mound. Notwithstanding previous spectroscopic observations, no volcanic features have been unequivocally identified.

Data Used: The Dawn Framing Camera (FC)
HAMO images constitute the basemap. At HAMO
resolution small-scale structures (e.g., fractures, ridges,
crater rims, flow fronts) are mappable, and surfaces
can be characterized based on texture and albedo. Color images enhance albedo variations seen in grayscale
images and assist in identification of units of distinct
composition. The Digital Terrain Model (DTM) derived from FC HAMO data [8], with a horizontal resolution of 93 m/pixel provides topography, while DTMderived slope and contour maps yield the shape of the
surface and assist in evaluating the extent of geologic
materials and features. High-resolution, calibrated
spectroscopic data obtained by the Dawn VIR and
Dawn Gamma Ray-Neutron Detector Spectrometer
(GRaND) allow compositional and elemental information about Vesta's surface materials to be evaluated.
VIR provides spectral data in the visible in near infrared wavelengths. GRaND yields abundances for rockforming elements (O, Si, Fe, Ti, Mg, Al and Ca), radioactive elements (K, U and Th), trace elements (Gd
and Sm), and H, C and N (major constituents of ices).
Mapping Process: We follow the methods developed and described by [10-13]. Units are defined and
characterized based on morphology, surface textures,
and albedo. Unit stratigraphy is inferred by superposition and cross-cutting relationships. Compositional
data from the VIR instrument are utilized to refine unit
boundaries where the morphologic characteristics are
unclear or the interpretation of the unit type is ambiguous. Where unit boundaries are obscured by subsequent geologic activity (typically through emplacement
of impact ejecta, or through vertical or lateral mixing
of the surface regolith), ejecta from craters that postdate the activity may be used as a proxy for the unmodified composition of the unit. Boundaries between
spectrally different units can often be discerned even
when the morphology does not yield a clear interpretation. Craters down to 500 m diameter are also being
classified and mapped (previous efforts for the regional
maps [2 and references in that issue] went down to 2
km diameter), based on preservation state, including,
where present, crater ejecta, rim, and floor units.
Three workers are currently mapping one of three
broad regions: 30–90°N and S, 0–180° longitude, and
180–360° longitude (0°-30° latitude). Some overlap of
effort occurs where features or units straddle these
boundaries; this overlap allows mappers to directly
compare results and address any potential areas of disagreement.
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Mapping Scale: The scale of 1:2.5M proposed by
[11] has been adopted for the most recent Moon quadrangle mapping effort. Alternatively, global geologic
maps of Io, Europa, Ganymede and Callisto have been
or are being made at scales of 1:10M to 1:15M
(http://astrogeology.usgs.gov/Projects/PlanetaryMappi
ng/MapStatus/SatStatus/Sat_Status.html). The iterative
global map of Vesta created during the Dawn mission
was based on High-Altitude Mapping Orbit (HAMO)
data and drawn at 1:500,000 scale [3]. We conservatively adopted a digital scale of 1:300,000 for mapping
and digital publication, and 1:1.5M for the print version. This scale allows us to take advantage of the
highest resolution images from Low-Altitude Mapping
Orbit (LAMO), while ensuring all of the high-fidelity
linework will be transferable to the printed version of
the map, which at 1:1.5M will fit on a single map
sheet. Resolutions at these orbits are described in Table 1.
Ongoing work: We are currently creating a first
draft of the geologic map. Once we complete this first
draft, we will compare and discuss results before we
consolidate the products. This will allow us to calibrate
any differences in approach. Additionally, upwards of

Basemap
Dawn FC
Ancillary data
Dawn FC

Specifications
8 filters, one panchromatic, seven color bands (420 - 980 nm)
Specifications
See above (color not released; poor
illumination for ~32% of Vesta)
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10,000 craters 1 km diameter and above have been
mapped, as a preliminary step to utilizing them for
crater dating statistics.
References: [1] Yingst, R.A., et al. (2012) LPSC,
abs. 1359. [2] Williams, D.A., et al. (2014), Icarus,
244, 1-12. [3] Yingst, R.A., et al. (2014) Planet. Space
Sci., http://dx.doi.org/10.1016/j. pss.2013.12.014i. [4]
Russell, C.T. et al. (2012) Science, 684–686,
http://dx.doi.org/10.1126/ science.1219122. [5] Binzel,
R.P. et al. (1997) Icarus, 128, 95-103. [6] Gaffey, M.J.
(1997) Icarus, 127, 130-157. [7] Li, L. et al. (2010)
Icarus, 208, 238-251. [8] Jaumann, R., et al. (2012)
Science, 336, 687-690. [9] Preusker, F. et al. (2012)
LPSC, abs. 2012. [10] Shoemaker, E.M. and Hackman,
R.J. (1962) The Moon, Kopal, Z., Mikhailov, Z.K.
(Eds.), Internat. Astronomical Union Symposium 14,
Academic Press, London, UK, pp. 289–300. [11] Wilhelms, D.E. (1990) Planetary Mapping, Greeley, R.
and Batson, R.M. (Eds.), Cambridge Univ. Press, pp.
208–260. [12] Tanaka, K.L. et al. (2010) The Planetary
Geologic Mapping Handbook, USGS Open File Report, 21 pp. [13] Greeley, R. and Batson, R.M. (1990)
Planetary Mapping, Cambridge Univ. Press, p. 296.

Resolution
HAMO ~70 m/pxl
DTM 93 m/pxl horiz. res.
Resolution

Coverage acquired
>80%
As above
Coverage acquired

LAMO ~23 m/pxl.

~50%

Dawn VIR

0.25-5 µm; <= 10 nm spectral res.

HAMO ~ 200 m/pxl
LAMO ~ 70 m/pxl

~80%
Few %

Dawn GRaND

Measures O, Mg, Si, Al, Ca, Ti, Fe;
K, Th; H, C, N, Cl,

LAMO ~ 300 km/pxl

100%

HST and other

0.439, 0.673, 0.953, 1.042 µm (HST)

Up to 52 km/pxl for HST

~33%

Table 1. Data sets informing this mapping effort.
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Ongoing Work of Science Data Archive and Release in China Lunar Exploration Program(CLEP). X. G.
Zeng1,2 , W. Zuo1,2, J.J. Liu1,2, X. Tan1,2and C. L. Li1,2, 1Key Laboratory of Lunar and Deep Space Exploration,National Astronomical Observatories, Chinese Academy of Sciences,Beijing 100012,China. ,2National Astronomical Observatories, Chinese Academy of Sciences,Beijing 100012,China.(licl@nao.cas.cn, liujj@nao.cas.cn,
zuowei@nao.cas.cn, tanx@nao.cas.cn, zengxg@nao.cas.cn )

Introduction:
China Lunar Exploration Program(CLEP) is also called Chang‟E(CE) program.
During the last decade, China has successfully lauched
three lunar exploration missions which are CE1 in
2007,CE2 in 2010 and CE3 in 2013. CE1 and CE2 are
two orbiting missions with only one probe, while CE3
is a soft-landing mission with a lander and a rover, and
until now, some scientific payloads carried by the CE3
lander are still working[1][2]. With these missions, a
lot of lunar exploration data have been captured and
sent to the earth ground station, then the original exploration data were preprocessed, calibrated. After that,
they also need to be archived and released, and this
work is undertaken by the Lunar and Deep Space Exploration Center. This approach is about to disscuss the
details of the recent work in the science data archive
and release in our center.
Data Archive: : According to the processing degree, CE Data was achieved in different levels such as
level 0,level 1 and level 2. CE Data in level 1 and level
2 was archieved partly comply with PDS Standard
(version in 3.6), however level 0 data was binary data.
CE Data use labels to describe the Data Object, and the
labels were in written in Object Description Language
as the PDS. CE Data utilized the Cartographic Standards defined by the PDS. The Data Object definition
Data Group definition and was also similar to that of
PDS. Nevertheless, there are still several differences
between CE Data and PDS Data. The Catalog of CE
Data Achieve is different from Standard PDS Data,
CE Data do not contain some description files like
“CATALOG”, “DOCUMENT”,”INDEX”; Data Object and Label is included in only ONE file for the Data
Product in CE Data, besides that, CE Data also define a
special naming method for the data products such as
“CE1_BMYK_LAM_SCI_P_20071223114501_20071
223124510_0001_A.2A”.
For the data sharing and interoperablility, in the
onging missions, such as CE5, CE4. We will take
PDS4 as the data archive method which use XML to
describe the Data Label and Data Object and Data
Label will be written separately into two files. however, CE Data will still preserve the data level characteristics.
Data Release: After the CE1 mission in 2007, we
have developed a website for the data release, public
users are allowed to registered and download the data

from our website „http://moon.bao.ac.cn‟. However, as
the website only provide Chinese version and the spatial search function such as WebGIS is not provided,
which impedes the usability of the website.
The website is now being upgraded. A English version of the website has been developed. Besides that,
we have developed a WebGIS interface for the webisite which is similar to the Lunar Obital data Explorer,
with this interface, public users are allowed to search
the data with lunar maps, download the data, and even
make some simple lunar thematic maps with the toolset
provided by the WebGIS. The new website will be
deploy soon after we finised the upgraded work .
References:
[1]Li, C.L., et al. "The global image of the Moon
obtained by the Chang‟E-1: Data processing and lunar
cartography." Science China Earth Sciences 53.8
(2010): 1091-1102. [2]Li C.L. et.al. Analysis of the
geomorphology surrounding the Chang'e-3 landing site,
Research
in
Astronomy
and
Astrophysics,
14(12)(2014), 1514-1529.[2]

