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TBD Items and Open Issues

	#
	Description

	1
	Section 4.5: If needed, SPICE planetary constants will be updated based on recommendations from the LRO Data Working Group and the Lunar Geodesy and Cartography Working Group. This TBD is just a reminder to the author to review any changes to that might impact information found in the SIS.

	2
	Assess multiband mosaic usability in JPEG2000 format. Based on analysis, WAC_COLOR imaging may use standard raster format.

	3
	Work with USGS group to determine feasibility for using common quadrangle layout with the new Clementine Basemap scheme

	4
	Section 2: Update document with final mass values for WAC, NAC, and SCS subsystems.

	5
	Table 2.2: Get final numbers for image frame width (km) row, and finalize filter band-pass and FWHM values.

	6
	Completed Section 3.2 when radiometric calibration algorithm is defined. Provide reference to calibration paper when it becomes available. Provide details for calculating I/F, including heliocentric distance correction.

	7
	Complete Section 3.3 when photometric normalization algorithm is defined.

	8
	Determine digital video format to use for time lapse polar movies

	9
	Verify ~200 pixel overlap for NAC camera

	10
	Update the section 3.5 to describe the Digital Elevation Model used in the geometry process. Use of the LOLA DEM is dependent on availability of the product at the time of production of the RDR products. 
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ACRONYMS AND ABBREVIATIONS

	ASCII
	American Standard Code for Information Interchange

	BDR
	Basic Data Record

	CCD
	Charged Couple Device

	CLAT
	Center latitude of the map projection

	CLON
	Center longitude of the map projection

	DEM
	Digital Elevation Model

	DN
	Digital Number

	EME2000
	Earth Mean Equator year 2000

	FOV
	Field of View

	FPGA
	Field Programmable Gate Array

	FWHM
	Full Width at Half Maximum

	GeoTIFF
	Interchange format for georeferenced raster imagery

	GIS
	Geographic Information Systems

	I/F
	Intensity/Flux (Radiance Factor)

	ISO
	International Standards Organization

	J2000
	Julian year 2000

	JPEG
	Joint Photographic Experts Group

	LDWG
	LRO Data Working Group

	LRO
	Lunar Reconnaissance Orbiter

	LROC
	Lunar Reconnaissance Orbiter Camera

	MDR
	Multispectral Data Record

	MTF
	Modulation Transfer Function

	NAC
	Narrow Angle Camera

	NAC_DEM
	NAC – Demonstration Digital Elevation Models

	NAC_LS
	NAC – Landing Site campaign

	NAC_POLE
	NAC – High-resolution polar mosaic campaign

	NAIF
	Navigation and Ancillary Information Facility

	PDS
	Planetary Data System

	LPRP
	Lunar Precursor Robotic Program

	SCS
	Sequence and Compressor System

	SDVT
	Science Data Validation Team

	SIS
	Software Interface Specification

	SOC
	Science Operations Center

	SPICE
	Spacecraft, Planet, Instrument, C-matrix Pointing, and Event Kernels

	SDP
	Special Data Product

	TBD
	To Be Determined

	URL
	Uniform Resource Locator

	UUID
	Universally Unique Identifier

	UV
	Ultraviolet imaging subsystem

	VIS
	Visible imaging subsystem

	WAC
	Wide Angle Camera

	WAC-UV
	WAC Ultraviolet imaging subsystem

	WAC-VIS
	WAC Visible imaging subsystem

	WAC_GLOBAL
	WAC – Global single-band basemap mosaic

	WAC_MOVIE
	WAC – single-band multi-temporal mosaic of the polar regions

	WAC_UV
	WAC – Ultraviolet imaging multispectral mosaic products

	WAC_VIS
	WAC – Visual imaging mosaic products

	XML 
	Extensible Markup Language


1 Introduction
The Lunar Reconnaissance Orbiter Camera (LROC) is designed to address two of the prime LRO measurement requirements. 1) Assess meter- and smaller-scale features to facilitate safety analysis for potential lunar landing sites near polar resources, and elsewhere on the Moon. 2) Acquire multi-temporal synoptic imaging of the poles every orbit to characterize the polar illumination environment (100 m/pixel scale), identifying regions of permanent shadow and permanent or near-permanent illumination over a full year. The LROC consists of two coaligned narrow-angle camera components (NAC) to provide 0.5 m/pixel scale panchromatic images over a 5 km swath and a wide-angle camera component (WAC) to provide images at a scale of 75 m/pixel in five visible bandpasses and 400 m/pixel in two ultraviolet bandpasses over a 100 km swath at an orbital altitude of 50 km.
In addition to acquiring the two LRO prime measurement sets, LROC will return six other high-value data sets in support of LRO goals, the Lunar Precursor Robotic Program (LPRP), and basic lunar science. These additional data sets include: 3) meter-scale mapping of regions of permanent or near-permanent illumination of polar massifs; 4) multiple co-registered observations of portions of potential landing sites and elsewhere for derivation of high-resolution topography through stereogrammetric and photometric stereo analyses; 5) global multispectral coverage in seven wavelengths (300-680 nm) to characterize lunar resources, in particular ilmenite; 6) a global 100.0 m/pixel basemap with incidence angles (60-80°) favorable for morphologic interpretations; 7) sub-meter imaging of a variety of geologic units to characterize physical properties, variability of the regolith, and key science questions; and 8) meter-scale coverage overlapping with Apollo era panoramic images (1-2 m/pixel) to document the number of small impacts since 1971-1972, to ascertain hazards for future surface operations and interplanetary travel.

To meet these ends the LROC team will generate digital map products and image mosaics from a subset of the collected archive of images. Additionally,  radiometrically-calibrated individual images, described in the "LROC EDR/CDR Data Product Software Interface Specification" companion document, are provided as part of the archive of LROC data products. The team maintains an internal archive of the RDR products until meaningful changes in data calibration and data processing methods no longer occur then releases it in an appropriate manner for public access including their final deposition to NASA's Planetary Data System (PDS). The nominal delivery of the RDR derived data products is scheduled for six months after the end of the primary science phase of the mission. 

This Software Interface Specification (SIS), written for software developers, engineers, and scientists, provides a description of the derived products provided by the LROC Science Team. It is intended to offer enough information to enable users to read and understand the products. The SIS describes how products are processed, formatted, labeled, and uniquely identified. The document details standards used in generating the products. The SIS also provides a specification of the products delivered to the PDS. Finally, examples of the product labels are provided.
1.1 Product Overview
LROC derived products, summarized in Table 1.1, are organized into four data set types: 1) Map-projected single-band basemaps (BDRs) derived from NAC and WAC single-band imaging; 2) Map-projected multispectral basemaps (MDR) from WAC seven-band imaging; 3) Special Data Products (SDP) in support of photometric stereo research and development activities; and 4) Extra data products (EXTRA) such as video time-lapse movies of the north and south pole organized in the [TDB] video format. 

	Table 1.1 – Product Summary

	Type
	Product 

Name
	Description
	Purpose

	BDR
	NAC_LS
	Approximately 50 NAC high-resolution uncontrolled image mosaics are created in support of high-priority landing site areas at 0.5 m/pixel sampling. 
	Assess meter and smaller-scale features to facilitate safety analysis of potential landing sites. Support science investigations.

	BDR
	NAC_POLE
	NAC 1.0 m/pixel uncontrolled best-effort mosaics of polar regions 90 to 85.5˚ latitude
	Provide detailed synoptic maps of polar regions

	BDR
	WAC_GLOBAL
	WAC monochrome global uncontrolled best-effort basemap mosaic of high-incidence angle imaging (60˚-80˚) at 100.0 m/pixel scale
	High-incidence angle imaging supports morphological analysis of the lunar surface 

	MDR
	WAC_VIS

WAC_UV
	WAC seven-band multispectral regional uncontrolled best-effort demonstration mosaics at 100.0 m/pixel scale for spectral filters 415, 560, 600, 640, and 680; and 400-m/pixel scales for UV filters 315 and 360. WAC_VIS designates 5-band visible products and WAC_UV designates 2-band ultraviolet products.
	Characterize lunar resources such as abundance of ilmenite. 

	BDR
	WAC_MOVIE
	WAC single-band multi-temporal uncontrolled synoptic mosaics of polar regions at 100.0 m/pixel scale 
	Identify regions of permanent shadow and permanent or near-permanent illumination over a full lunar year 

	SDP
	NAC_DEM
	Special Products consist of sets of images with appropriate illumination and viewing geometries suitable for geometric or photometric stereo research and development activities. Products created on a best effort basis. The products support research and development activities and may prove to be of insufficient quality to become a suitable product for delivery to the PDS. 
	Demonstrate DEM development through photometric stereo research methods using multiple high-resolution NAC images acquired under different illumination conditions.

	EXTRA


	WAC_MOVIE
	WAC_MOVIE mosaics organized as a movie formatted in an appropriate [TDB] video format.
	Identify regions of permanent shadow and permanent or near-permanent illumination over a full lunar year 


The BDR and MDR products are mosaics of individual LROC observations that have been radiometrically calibrated, photometrically normalized to standard illumination conditions (except for polar products), and resampled to a standard map projection. Radiometric calibration corrects for varying instrument detector sensitivities, dark current, and nonlinearity; and converts pixel values to reflectance. The radiometric calibration is discussed in more detail in section 3.2. Observations that compose a mosaic are typically acquired under varying illumination conditions so a photometric normalization is applied in order to balance the overall brightness of the images (except in polar regions). The photometric normalization is discussed in more detail in section 3.3. The basemaps produced by the LROC team are geodetically uncontrolled. This means observations are map-projected using the spacecraft ephemerides and instrument-pointing data provided by the LRO project and a lunar ephemeris, and are not tied to a geodetic control system. A basemap’s positional accuracy is limited by the overall accuracy of these data. Geometric processing is described in more detail in section 3.5.

Special Data Products (SDP) are intended to demonstrate the utility of the data collection and the methodology employed in the derivation of high-resolution Digital Elevation Models (DEMs) through photometric stereo techniques. SPDs are created on a best-effort basis. The techniques are experimental and may create products that are of insufficient quality to become a suitable product for distribution to the science community. The SPDs, and the experimental methods employed to derive these products, are summarized in Appendix C. These products cannot yet be described with PDS standards at this time, as the exact nature of these products are not yet known. 

The MDR and BDR products are formatted and organized according to the PDS standards [2, 3, 4]. They are stored in the JPEG2000 (Joint Photographic Experts Group) format accompanied by a PDS detached label (Section 4.1) and a GeoTiff box (Section 4.3) providing supporting information about the digital image map. The PDS standard specifies the JPEG2000 code stream will be stored in a “JP2” file as described by the JPEG2000 part 1 standard [5].

1.2 Applicable Documents and References

The LROC Derived Data SIS is consistent with the following documents:

1. Lunar Reconnaissance Orbiter Project Data Management and Archive Plan, 431-PLAN-000182.

2. Planetary Data System Data Standards Reference, Version 3.7, JPL D-7669, Part 2, March 20, 2006.

3. Planetary Science Data Dictionary Document, JPL D-7116, Rev. E, August 28, 2002.

4. Planetary Data System Archive Preparation Guide, Version 1.1, JPL D-31224, August 29, 2006.

5. JPEG2000 image coding system: Core coding system, ISO/IEC 15444-1, September 15, 2004.

6. Acton, Jr., C.H., (1996), Ancillary data services of NASA’s Navigation and Ancillary Information Facility, Planet. Space Sci., Vol. 44, No. 1, .pp 65-70.
7. Snyder, J.P. (1987), Map Projections, U.S. Geological Survey Professional Paper 1395. 
8. LRO Project (2008), A Standardized Lunar Coordinate System for the Lunar Reconnaissance Orbiter, LRO Project White Paper, version 4 of May 14 [to become available at http://lunar.gsfc.nasa.gov/library/451-SCI-000958.pdf.]
9. LGCWG (2008), Recommendations for Formatting Large Lunar Datasets, May 18, draft.
1.3 Configuration Management

The LROC Software Development Team controls this document. Requests for changes to its scope and contents are made to the LROC Science Operations Center Manager, Ernest Bowman-Cisneros. An engineering change request will be evaluated against its impact on the LROC ground data processing system before acceptance. 

The SIS has completed a formal PDS peer review where it was determined that the products herein described meet PDS data product standards. Members from the PDS Imaging and Engineering Nodes along with additional members from the planetary science community comprised the review panel.

2 Instrument Overview

The LROC consists of two narrow-angle camera components (NAC), a wide-angle camera component (WAC), and a common Sequence and Compressor System (SCS).
Each NAC (see Figure 2.1) has a 700 mm focal-length Cassegrain (Ritchey-Chretien) telescope that images onto a 5000 pixel CCD line-array providing a cross-track field-of-view (FOV) of 2.86°. The NAC readout noise is better than 100 e- and the data are sampled at 12 bits. By ground command, these 12-bit pixel values are companded to 8-bit pixels using one of several selectable lookup tables during readout from the CCD. The NAC internal buffer holds 256 MB of uncompressed data, enough for a full-swath image 25 km long or a 2x2 binned image 100 km long. NAC specifications are summarized in Table 2.1.

The WAC electronics are a copy of those flown on Mars Climate Orbiter, Mars Polar Lander, Mars Odyssey, and Mars Reconnaissance Orbiter. The WAC (see Figure 2.2) has two lenses imaging onto the same 1,000 x 1,000 pixel, electronically shuttered CCD area-array, one imaging in the visible/near infrared (VIS/near-IR), and the other in the Ultraviolet (UV). The VIS optics have a cross-track FOV of 90° and the UV optics a 60° FOV. From the nominal 50 km orbit, the WAC will provide a nadir, ground sample distance of 75 m/pixel sampling in the visible, and a swath width of ~75 km. The seven-band color capability of the WAC is provided by a color filter array (see Figure 2.3) mounted directly over the detector, providing different sections of the CCD with different filters. Consequently the instrument has no moving parts; it acquires data in seven channels in a “pushframe” mode, with scanning of the WAC FOV provided by motion of the spacecraft and target. Continuous color coverage of the lunar surface is possible by repeated imaging such that each of the narrow framelets of each color band contain sufficient overlap. The WAC has a readout noise of less than 40 e- and, as with the NAC, pixel values are digitized to 12-bits then companded to 8-bit values through selectable lookup tables. WAC specifications are summarized in Table 2.2. The two UV bands (315 and 360 nm) undergo 4x4 pixel on-chip analog summing before digitization to achieve better signal-to-noise ratio. Thus, UV pixels are recorded at reduced 400 m/pixel sampling but have improved signal properties.

The two NACs and the WAC interface with the Sequencing and Compressor System (SCS), the third element of the LROC (see Figure 2.4). As the name implies, the SCS commands individual image acquisition by the NACs and WAC from a stored sequence, and losslessly compresses the NAC and WAC data as they are read out and passed to the spacecraft data system. The SCS provides a single command and data interface between the LROC and the LRO spacecraft data system through a spacewire interface. 

Each NAC has an estimated mass of 5.4 kg, the WAC is 0.6 kg, and the SCS is 0.6 kg, for a total LROC mass of 12 kg. Each NAC will use 10 W during image acquisition or readout, 6 W at all other times; the WAC will use 4 W (continuous), and the SCS will use 6 W (continuous), for a total LROC power dissipation of 30 W at peak usage, and 22 W during average usage.

[image: image7.png]



Figure 2.1 - LROC Narrow Angle Camera, 70 cm by 24 cm diameter.

	Table 2.1 – NAC Specifications 

	Image scale
	0.5 meter per pixel (10 micro-radian IFOV)

	Maximum Image size
	2.5 x 25 km

	Optics
	f/3.59 Cassegrain (Ritchey-Chretien)

	Effective Focal Length
	700 mm

	Primary Mirror Diameter
	195 mm

	FOV
	2.86°(0.05 radian) per NAC

	MTF (Nyquist)
	> 0.20

	Structure + baffle
	Graphite-cyanate composite

	Detector
	Kodak KLI-5001G

	Pixel format
	1 x 5,000

	Noise
	100 e-

	Analog/Digital Converter
	Honeywell ADC9225

	FPGA
	Actel RT54SX32-S

	Instrument Dimensions
	70 cm x 26 cm diameter

	Peak Power
	10 W

	Average Power
	6 W

	Spectral Response
	400-750 nm
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Figure 2.2. - LROC Wide Angle Camera

	Table 2.2 – WAC Specifications

	Image format
	1,024 x 16 pixels monochrome (push frame)

704 x 16 pixels 7-filter color (push frame)

	Image scale
	1.5 milliradian, 75 meters/pixel nadir (VIS)

2.0 milliradian, 400 meters/pixel nadir (UV, 4x binned)

	Image frame width (km)
	110 km (VIS monochrome)

88 km (VIS color)

88 km (UV)

	Optics
	f/5.1 (VIS)

f/5.3 (UV)

	Effective Focal Length
	6.0 mm (VIS), 4.6 mm (UV)

	Entrance Pupil Diameter
	1.19 mm (VIS), 0.85 mm (UV)

	Field of View
	90° (VIS)

60° (UV)

	System MTF (Nyquist) 
	> 0.2

	Electronics
	4 circuit boards

	Detector
	Kodak KLI-1001

	Pixel format
	1,024 x 1,024

	Noise
	50 e-

	Instrument Dimensions
	14.5 cm x 9.2 cm x 7.6 cm

	Peak Power
	4 W

	Average Power
	4 W

	Filters
	Wavelength (nm)

FWHM (nm)

315

40

360

11

415
40

560

13

600

18

640

23

680 

30




Table 2. WAC specifications.
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Figure 2.3 - Diagram of LROC Wide Angle Camera filter assembly.

[image: image9..pict]
Figure 2.4 - LROC components include the WAC, NAC, and Sequence and Compressor System (SCS).

3 Product Generation

3.1 Map Projection and Layout

LROC digital map products use the Equirectangular and Polar Stereographic map projections [7]. The Polar Stereographic projection, ideal for maps covering the polar regions, minimizes scale and shape distortion at high-latitudes. The Equirectangular projection is typically used at middle and lower latitudes. With this projection, all lines of latitude are parallel to one another as is also the case with longitude lines. The transformation equations for these projections are discussed in Appendix B.

LROC digital basemaps are organized into map quadrangles (or tiles) with each quadrangle covering a subarea of the lunar globe. Map quadrangles are then stored as image files where the column and row coordinate of the image array can be translated to a geographic latitude and longitude coordinate through a map transformation equation (see Appendix B). The size and areal extent of a map quadrangle are balanced to accommodate a reasonable areal extent while having manageable image file sizes. The quadrangle layouts for the basemap mosaics are summarized here.

3.1.1 NAC_POLE 

The NAC_POLE high-resolution basemap is organized into 103 quadrangles for each pole covering 90 to 85.5˚ latitude and 0 to 360˚ longitude as shown in Figure 3.1.1. Each quadrangle covers 1.0˚ of latitude and a longitude range depending on the latitude coverage. The basemap is available in both Polar Stereographic and Equirectangular projections. For the Polar Stereographic projection, the quadrangles share the same reference center latitude (CLAT = 90.0) and longitude (CLON = 0.0). With a common reference, it is possible to generate composite quadrangles by scaling and mosaicking individual quadrangles without the need for reprojection For the Equirectangular projection, the quadrangles share the same reference center longitude (CLON = 180.0). The mid-latitude of the quadrangle, an integer value in this case, is used as the reference center latitude (CLAT = [MinLat + MaxLat]/2). The basemap is scaled at 1.0 m/pixel. With this scale and the latitude and longitude coverage of a quadrangle, the images will typically be about 30,000 x 30,000 pixels or about 900 megapixels. 

[image: image2.wmf]
Figure 3.1.1 – Quadrangle layout of NAC_POLE basemap with 103 quadrangles covering latitude range 90 – 85.5˚ at each pole. Quadrangle longitude ranges depend on latitude coverage as shown in the table below.

	Latitude Range
	# Quads
	Quadrangle Longitude Coverage 

	90.0 – 89.5
	  1
	360˚    /  0-360

	89.5 – 88.5 
	 12
	  30˚    /  0-30, 30-60, 60-90, etc.

	88.5 – 87.5 
	 20
	  18˚    /  0-18, 18-36, 36-54, etc.

	87.5 – 86.5
	 30
	  12˚    /  0-12, 12-24, 24-36, etc.

	86.5 – 85.5
	 40
	    9˚    /  0-9, 9-18, 18-27, etc.

	Total:
	103
	


3.1.2 WAC_GLOBAL

The WAC_GLOBAL monochrome basemap mosaic is created using high-incidence-angle imaging (typically 60˚ - 80˚) from the WAC's 600-nm filter. Taking advantage of the high scene contrast at these incidence angles, the product is ideally suited for morphological analysis of the lunar surface. The WAC_GLOBAL basemap mosaic is organized into 18 quadrangles covering the entire lunar globe as shown in Figure 3.1.2. Each quadrangle has 60˚ of latitude and longitude coverage mapped into the Equirectangular projection with center reference latitude 0˚ (CLAT = 0.0) and center reference longitude 180˚ (CLON = 180.0). Polar Stereographic maps are also created for the high-latitude regions from 60˚ to the poles with center reference latitude 90˚ (CLAT = 90.0) and center reference longitude 0˚ (CLON = 0.0). The basemap mosaic is scaled at 100.0 m/pixel. With this scale and latitude and longitude coverage, the quadrangles are about 18,000 x 18,000 pixels or about 324 megapixels.
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Figure 3.1.2 – Quadrangle layout of the WAC_GLOBAL basemap with 18 quadrangles covering the entire lunar globe mapped in the Equirectangular projection. Polar Stereographic maps are created for the 60˚- 90˚ latitude.

3.1.3 WAC_MOVIE

These basemap products, made from the WAC’s 600-nm imaging, are used in the generation of uncontrolled illumination movies at both poles with an average time interval between each frame of approximately five hours. The movie sequence is intended to identify regions of permanent shadow and permanent or near-permanent illumination over a full lunar year. WAC_MOVIE is mapped into the Polar Stereographic projection and scaled at 100-m/pixel with latitude coverage of 80˚ to 90˚. The image dimension is about 6,060 x 6,060 pixels. Approximately 1,800 mosaics are created for each pole over a full lunar year. The WAC FOV will cover a swath ~100 km wide resulting in repeat coverage every orbit for the region between 88˚ and 90˚ at each pole. Figure 3.1.3 shows two WAC swaths taken 3.5 days apart at the Clementine North Pole basemap (summer). The area outlined in red in Figure 3.1.3 shows complete overlap of all observations. The individual 1,800 frames will be compiled into a movie sequence formatted in the [TBD] video format. The PDS currently has no standards for video formats so these products will be made available in the "Extras" directory of the archive volume of the LROC Derived Data Products. 
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Figure 3.1.3 – Two WAC swaths (one shown in blue and one shown in yellow) taken 3.5 days apart at the North Pole. Every orbit has repeat coverage between 88˚ and 90˚ latitude.

3.1.4 NAC_LS

Fifty mosaics of high-priority proposed landing sites will be generated at 0.5-m/pixel and 1-m/pixel scales, depending on viewing and lighting conditions, and instrument commanding. Polar regions and areas above 60˚ latitude will be mapped to the Polar Stereographic projection (CLAT = 90.0, CLON = 0.0). For other latitude regions, the Equirectangular projection is used. To minimize scale and shape distortion for the Equirectangular projection, the reference center latitude is the nearest whole integer of the mid-latitude of the mosaic. The image size of each mosaic will depend on the chosen areal coverage of the mosaic.
3.1.5 WAC_VIS and WAC_UV

WAC_VIS and WAC_UV mosaics of 10 high-priority targets will be created at 100.0 m/pixel scaling for the visible spectral channels (WAC_VIS: 415, 560, 600, 640, and 680 nm) and at 400-m/pixel for the UV spectral channels (WAC_UV: 315 and 360 nm). Polar Stereographic projections are used for regions above 60˚ latitude and Equirectangular for lower latitudes. As with all other mosaics created by the LROC team, the mosaics are generated using the LRO-delivered spacecraft ephemerides and instrument pointing data and a lunar ephemeris produced by the PDS NAIF Node. They are uncontrolled mosaics not tied to a geodetic control network. 

3.2 Radiometric Calibration Correction
[Radiometric Calibration Correction section will developed when the algorithm becomes better understood]

3.3 Photometric Normalization
[Photometric Normalization section will developed when the algorithm becomes better understood]
3.4 Converting DN to I/F

Pixels are stored as 16-bit unsigned integers with the dynamic range of 0-65535. The pixel values (radiometrically corrected and photometrically normalized) have been scaled to fit in the 16-bit unsigned range. To convert the 16-bit density number (DN) values back to radiance factor (I/F), a multiplicative and additive constant is applied. The SCALING_FACTOR and OFFSET values, found in the PDS label IMAGE object, are used for the conversion. The equation is as follows:


RADIANCE_FACTOR  = (DN * SCALING_FACTOR) + OFFSET
3.5 Geometric Processing

Following photometric normalization, geometric processing corrects for the optical distortion of the instrument and projects the image from spacecraft viewing orientation to the map projections described in section 3.1. Geometric processing employs the NAIF Toolkit (http://naif.jpl.nasa.gov) using reconstructed SPICE kernels generated by the LRO project. Using the best digital elevation model available at the time of the production, the geometry processing performs orthorectification wherein the geometric distortion introduced by the varying terrain is minimized. The map-projected products are uncontrolled and are not tied to a surface control net so there may be small spatial displacements among the images in the mosaic due to uncertainties in spacecraft pointing and position and lunar ephemeris as found in the SPICE kernels. Cubic convolution resampling is used in the geometric processing.

For photometric and geometric stereo processing, it may be necessary to refine the instrument pointing (nominally captured in the SPICE CK kernels) by using the ~200 pixel overlap area between the two NAC cameras. Each NAC CCD sees the lunar surface at slightly different times. The spatial mismatch remaining in the overlap area after the nominal pointing is applied can be used to improve the instrument pointing information. 

3.6 Brightness Equalization

The radiometric calibration and photometric normalization processing steps are not perfect, and as a result, residual brightness differences exist among neighboring images mosaicked together into a map quadrangle. To minimize the residual brightness differences, an empirical method is employed. Following geometric processing, image statistics (mean and standard deviation) are compiled for each of the overlapping areas of all neighborhood images. Typically, each image in a mosaic might have 4-5 neighbors where there is spatial overlap. Ideally, if the calibration and photometric normalization were perfect then the statistics of the overlap areas would be identical and no additional processing would be required. However, experience shows this is not the case. With the statistics computed for each overlap area, multiplicative adjustments are determined, through a least-squares method, to minimize the brightness differences of the overlap regions. These corrections are then applied to the image collection before the final mosaic and quadrangle assembly.

3.7 Mosaicking and Quadrangle Assembly

The final step in the processing is to mosaic together the individual map-projected brightness-equalized images that make up a quadrangle. In this process, an empty map quadrangle image file is initially created. The images that go into the mosaic are then individually placed into the quadrangle map at the appropriate spatial location. The geometric processing step ensures all of the images in the quadrangle have identical scale and map projection parameters. In overlap areas among neighboring images, the last image placed into the mosaic will overwrite the common area of the images previously inserted into the mosaic. The mosaic is assembled using the mosaic ordering with lowest image sampling resolution to highest so that the best data are preserved in the mosaic.

4 Standards 

4.1 PDS Standards

The LROC Derived Data products comply with the PDS standards [2, 3, 4] for file formats and metadata labels, specifically using the PDS image object and the JPEG2000 compressed file object. The image files, formatted according to the JPEG2000 standard, use "JP2" as their filename extension. Detached PDS labels accompany products: files that have the same name as the image data file but use "LBL" for their filename extension. The label file provides image data characterization and science metadata information about the observation (see Section 5.4 on the contents of the PDS label). 

4.2 JPEG2000 Standard

Derived products are stored in the JPEG2000 ISO/IEC Part 1 standard [5] format (http://www.jpeg.org/jpeg2000/), accepted as a PDS Standard in October 2005 [2]. The JPEG2000 standard offers benefits with distinct advantages for storage of and access to very large images. Advantages include excellent compression performance, multiple resolution levels from a single image data set, progressive decompression quality layers, lossless and lossy compression (LROC derived products use lossless compression), pixel datum precision up to 38 bits, multiple image components (or bands), and selective image area access. These features are achieved through use of an image coding system based on discrete wavelet transforms (DWT) resulting in a codestream that can render an image raster format using inverse transform algorithms. 

The PDS Standard specifies that a JPEG2000 codestream will be stored in a “JP2” file as described by the JPEG2000 Part 1 standard [5, Appendix I]. This file format encapsulates one or more codestreams plus characterizes metadata in a contiguous sequence of binary data “boxes”. The first two boxes of a JP2 file must be Signature and File Type specification boxes that uniquely identify the file as a JP2 file. This must be followed by a JP2 Header box that contains sub-boxes that characterize the Codestream box that follows with information such as the image dimensions, pixel datum precision, compression technique and color space mapping for image display purposes. The JP2 file may also contain additional boxes that contain UUID (universally unique identifier) signatures, URL (uniform resource locator) references, and XML (extensible markup language) sequences that can be used as desired by the data provider.

4.3 GeoTIFF Standard
The LROC JPEG2000 products contain metadata, defined by the GeoTIFF standard, relating the (x, y) Cartesian coordinate to a geographic (latitude and longitude) position on the lunar surface. GeoTIFF is an industry standard recognized by many Geographic Information Systems (GIS) software packages. The GeoTIFF UUID box is identified by its first sixteen UUID byte values (shown here in hexadecimal notation): B1, 4B, F8, BD, 08, 3D, 4B, 43, A5, AE, 8C, D7, D5, A6, CE, 03. The remainder of the box contains a standard TIFF (Tagged Image File Format) data set composed of TIFF tags with geospatial reference information derived from the IMAGE_MAP_PROJECTION parameters of the PDS label. The details of the GeoTIFF specification, and other related information, can be found at the Remote Sensing organization GeoTIFF web site (http://www.remotesensing.org/geotiff/).
4.4 Data Storage Conventions

The LROC Derived Data products contain binary data. Image pixel values are stored within the JPEG2000 framework as 16-bit values with a dynamic range of 65536 DN levels. The PDS label sections are stored as ASCII character strings conforming to the requirements defined in the PDS Standards Reference. 
4.5 Time Standards

LROC labels include time specifications in Coordinated Universal Time (UTC). The UTC has uniform seconds defined by the International Atomic Time, with leap second changes announced at irregular intervals to compensate for the Earth's varying rotation. Processing at the LROC SOC converts onboard spacecraft clock counts to UTC time using the SPICE NAIF toolkit [6]. Start and stop times refer to the observation acquisition times of the collection of source products used to compile the derived products.
4.6 Geodetic and Cartographic Standards

The LROC derived products are compatible with the recommendations of the LRO Data Working Group [8] and draft recommendations and mapping conventions identified by the LGCWG (the Lunar Geodesy and Cartography Working Group) [9]. The coordinate system used is the mean Earth/polar axis system, and using planetocentric latitude and east positive longitude direction. The planetocentric latitude is the angle from the equator to a point on the surface of an oblate planet. The longitude increases from west to east (left to right on an Equirectangular projection).

The planetary constants used in the camera model to produce the LROC derived products are obtained from the NAIF SPICE kernels. The SPICE kernel de421.bsp and associated Euler angles are used for the Moons ephemeris definition. For more information regarding the planetary constants please refer to the NAIF Node at http://naif.jpl.nasa.gov/naif/
5 Derived Product Specification

5.1 Data Volume

Table 5.1 summarizes the number of products and data volume for each of the product types described in the SIS. The number of products and data volumes may vary as image campaigns are further refined. 

	Table 5.1 – Product Volumes

	Product Type
	# Products
	Volume

(Gbytes)
	Comments

	NAC_LS
	50 mosaics for landing sites, regolith, and impact rate studies 


	40
	Map boundaries and areal coverage tailored to study areas. 

	NAC_POLE
	103 quads per pole

(Equirectangular)

103 quads per pole

(Polar Stereographic)
	345 
	North and South Pole coverage from 90˚ to 85.5˚ Latitude. Organized in both Polar Stereographic and Equirectangular projections

	WAC_GLOBAL
	18 quads

(Equirectangular)

2 quads

(Polar Stereographic)
	14 
	Global coverage in Equirectangular projection. Polar coverage from 90˚ to 60˚ latitude in Polar Stereographic projection

	WAC_VIS

WAC_UV
	10 mosaics each for VIS and UV products
	 5
	Uncontrolled demonstration multispectral mosaics for high priority targets.

	WAC_MOVIE
	~1,800 movie frames
	132
	Movie frames spaced five hours over a Lunar year. Polar coverage from 90˚ to 85.5˚

	NAC_DEM
	~100
	~150
	Special Data products resulting from research and development activities (see Appendix C). 


5.2 Data Validation

The LRO Data Working Group (LDWG) oversees and coordinates the validation of instrument team data products for release to the PDS in a process by which the science teams and the PDS participate. The LROC team is responsible for verifying that the products meet their science and engineering objectives and technical specifications identified in the SIS. The PDS Imaging Node verifies that the products conform to the Product SIS. The LROC team will make data products available to the LROC Data Node no later than six months from availability of processing inputs. The LROC SOC data processing pipeline includes data validation steps in the processing flow to help ensure engineering and technical specifications for these data are met.  

5.3 Product Identification and File Naming Conventions
Each LROC derived product is uniquely identified with a product identification (PRODUCT_ID keyword in PDS labels). The file names are built directly from this unique identification. The product identification is constructed using the product name (see table 1.1), map projection, and coordinate of the center of the map mosaic. For the NAC_LS products an additional eleven characters are included in the product ID to designate the Landing Site name. Figure 5.3 shows how the product IDs are constructed. The latitude and longitude coordinates of the map center are multiplied buy 10 to retain the geographic position to the nearest 10th of a degree, then rounded to the nearest integer. The product identification contains an additional designation for North (N) or South (S) latitude. For example, the NAC_POLE quadrangle centered at 88.0˚ North latitude and 27.0˚ East longitude in the Equirectangular projection would have the product identification "NAC_POLE_E880N0270". The file name for the JPEG2000 image product would have the extension ".JP2" and the detached PDS label would have the extension ".LBL". Additional file name examples are shown in Table 5.3.
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Figure 5.3 - Illustration how RDR file names are constructed.

For WAC_MOVIE products, the product identification includes a date and time stamp prefaced by the product name (see Figure 5.3). The UTC time of the earliest observation in the mosaic is used in the construction of the file name. An "S" or "N" is inserted in front of the time field to indicate a North or South Pole frame. For example, if a polar movie product at the North pole were created whose earliest observation was at UTC time 2009-11-08T02:30:23.406, then the product identification would be: "WAC_MOVIE_N20091108T0230".

	Table 5.3 – Example Product Identifications for LROC derived products

	PRODUCT_ID
	Lat. 

Center
	Lon.

Center
	Description

	NAC_POLE_E860N0045
	86.0
	4.5
	One of 103 quadrangles of the NAC high-resolution polar basemap in the Equirectangular projection

	NAC_POLE_P860N0045
	86.0
	4.5
	Same quadrangle as above but in the Polar Stereographic projection

	WAC_GLOBAL_E150S0300
	-15.0
	30.0
	One of the 18 WAC Global mosaics in the Equirectangular Projection

	NAC_LS_XXXXXXXXXXX_P202S1005
	-20.24
	100.5
	A NAC Landing Site mosaic mapped in the Polar Stereographic projection. An 11-character Landing site name ("X"s in the example) is included in the file name.

	WAC_VIS_P202S1005

WAC_UV_P202S1005
	-20.2
	100.5
	WAC Visual and UV mosaics.

	WAC_MOVIE_S20090708T0230
	-90.0
	0.0
	WAC polar movie for the south pole whose first image was acquired on UTC 2009-07-08T02:30:23.406.


5.4 PDS labels

An example derived product label in PDS form is shown below. The PDS label for a product is detached from the JPEG2000 file. Appendix-A provides a definition of each keyword listed.
************************ Example PDS Label ****************************

PDS_VERSION_ID            = PDS3

/* Identification Information  */

DATA_SET_ID               = "LRO-L-LROC-3-RDR-V1.0"

DATA_SET_NAME             = "LUNAR RECONNAISSANCE ORBITER CAMERA RDR V1.0"

PRODUCER_INSTITUTION_NAME = "ARIZONA STATE UNIVERSITY"

PRODUCER_ID               = "ASU"

PRODUCER_FULL_NAME        = "MARK S. ROBINSON"

PRODUCT_ID                = "XXXXXXXXXXXXXXX"

PRODUCT_VERSION_ID        = "V001"

PRODUCT_TYPE              = "RDR"

INSTRUMENT_HOST_NAME      = "LUNAR RECONNAISSANCE ORBITER"

INSTRUMENT_HOST_ID        = "LRO"

INSTRUMENT_NAME           = "LUNAR RECONNAISSANCE ORBITER CAMERA"

INSTRUMENT_ID             = "LROC"

TARGET_NAME               = "MOON"

MISSION_PHASE_NAME        = "XXXXXXXXXX"

/* List of LROC observation products used in the compilation of this product */

SOURCE_PRODUCT_ID         = ("XXXXXXXXXX", "XXXXXXXXX", "XXXXXXXXX", "XXXXXXXXXX",

"XXXXXXXXXX", "XXXXXXXXX", "XXXXXXXXX", "XXXXXXXXXX",

"XXXXXXXXXX", "XXXXXXXXX", "XXXXXXXXX", "XXXXXXXXXX",

"XXXXXXXXXX", "XXXXXXXXX", "XXXXXXXXX", "XXXXXXXXXX")

RATIONALE_DESC            = "NAC Uncontrolled Polar Mosaic"

SOFTWARE_NAME             = "Isis 3.X.XX | LROC-SOC-NPP VX.X"

/* Time Parameters */

START_TIME           = "N/A"

STOP_TIME            = "N/A"

SPACECRAFT_CLOCK_START_COUNT =  "N/A"

SPACECRAFT_CLOCK_STOP_COUNT  =  "N/A"

PRODUCT_CREATION_TIME = 2008-01-09T15:05:05

OBJECT = IMAGE_MAP_PROJECTION

    ^DATA_SET_MAP_PROJECTION     = "DSMAP.CAT"

    MAP_PROJECTION_TYPE          = "EQUIRECTANGULAR"

    PROJECTION_LATITUDE_TYPE     = "PLANETOCENTRIC"

    A_AXIS_RADIUS                = xxxxxx.xxxx <KM>

    B_AXIS_RADIUS                = xxxxxx.xxxx <KM>

    C_AXIS_RADIUS                = xxxxxx.xxxx <KM>

    COORDINATE_SYSTEM_TYPE       = "PLANETOCENTRIC"

    POSITIVE_LONGITUDE_DIRECTION = EAST

    KEYWORD_LATITUDE_TYPE        = "PLANETOCENTRIC"

    /* NOTE:  CENTER_LATITUDE and CENTER_LONGITUDE describe the location   */

    /* of the center of projection, which is not necessarily equal to the  */

    /* location of the center point of the image.                          */

    CENTER_LATITUDE              = xxx.xxxxxx <DEG>

    CENTER_LONGITUDE             = xxx.xxxxxx <DEG>

    LINE_FIRST_PIXEL             = 1

    LINE_LAST_PIXEL              = xxxxx

    SAMPLE_FIRST_PIXEL           = 1

    SAMPLE_LAST_PIXEL            = xxxxx

    MAP_PROJECTION_ROTATION      = xxx.xxxxx <DEG>

    MAP_RESOLUTION               = xxx.xxxxx <PIXELS/DEG>

    MAP_SCALE                    = x.xxxxxxx <METERS/PIXEL>

    MAXIMUM_LATITUDE             = x.xxxxxxx <DEG>

    MINIMUM_LATITUDE             = x.xxxxxxx <DEG>

    LINE_PROJECTION_OFFSET       = xxxxxxxxx.xxxxxx <PIXEL>

    SAMPLE_PROJECTION_OFFSET     = xxxxxxxxx.xxxxxx <PIXEL>

    EASTERNMOST_LONGITUDE        = xxxx.xxxx <DEG>

    WESTERNMOST_LONGITUDE        = xxxx.xxxx <DEG>

END_OBJECT = IMAGE_MAP_PROJECTION

/* The JPEG2000 image data file associated with this label. */

OBJECT = COMPRESSED_FILE

    FILE_NAME                  = "XXXXXXXXXXXXXXX.JP2"

    RECORD_TYPE                = UNDEFINED

    ENCODING_TYPE              = "JP2"

    ENCODING_TYPE_VERSION_NAME = "ISO/IEC15444-1:2004"

    INTERCHANGE_FORMAT         = BINARY

    /* The name of the original source file. */

    UNCOMPRESSED_FILE_NAME     = "XXXXXXXXXXXXXXX.IMG"

    /* The amount of original image data. */

    REQUIRED_STORAGE_BYTES     = XXXXXXXXXXXXX <BYTES>

    ^DESCRIPTION               = "JP2INFO.TXT"

END_OBJECT = COMPRESSED_FILE

/* The source image data definition. */

OBJECT = UNCOMPRESSED_FILE

   FILE_NAME    = "XXXXXXXXXXXXXX.IMG"

   RECORD_TYPE  = FIXED_LENGTH

   RECORD_BYTES = XXXXX <BYTES>

   FILE_RECORDS = XXXXXXX

   ^IMAGE       = "XXXXXXXXXXXXXX.IMG"

   OBJECT = IMAGE

        DESCRIPTION                = "LROC projected and mosaicked image product"

        LINES                      = xxxxx

        LINE_SAMPLES               = xxxxx

        BANDS                      = x

        SAMPLE_TYPE                = MSB_UNSIGNED_INTEGER

        SAMPLE_BITS                = 16

        SAMPLE_BIT_MASK            = 2#1111111111111111#

        /* NOTE: The conversion from DN to I/F (intensity/flux) is:  */

        /* I/F = (DN * SCALING_FACTOR) + OFFSET                      */

        /* I/F is defined as the ratio of the observed radiance and  */

        /* the radiance of a 100% lambertian reflector with the sun  */

        /* and camera orthogonal to the observing surface.           */

        SCALING_FACTOR             = xxxxxxxx.xxxx

        OFFSET                     = xxxxxxxx.xxxx

        BAND_STORAGE_TYPE          = BAND_SEQUENTIAL

        CORE_NULL                  = 0

        CORE_LOW_REPR_SATURATION   = 1

        CORE_LOW_INSTR_SATURATION  = 2

        CORE_HIGH_REPR_SATURATION  = 65535

        CORE_HIGH_INSTR_SATURATION = 65534

        CENTER_FILTER_WAVELENGTH   = 560 <NM>

        LRO:MINIMUM_STRETCH        = xxxx

        LRO:MAXIMUM_STRETCH        = xxxx

        FILTER_NAME                = "600"

   END_OBJECT = IMAGE

END_OBJECT = UNCOMPRESSED_FILE

END

Appendix A – PDS Label Definitions

	Table A – Definition of keywords used in the LROC Product Labels

	Keyword
	Definition

	PDS_VERSION_ID
	Always "PDS3", the version number of the PDS standards used in the construction of the labels.



	DATA_SET_ID
	"LRO-L-LROC-3-RDR-V1.0"

The DATA_SET_ID element is a unique alphanumeric identifier for a data set or a data product. The value for a given data set or product is constructed according to flight project naming conventions. 



	DATA_SET_NAME
	"LUNAR RECONNAISSANCE ORBITER CAMERA RDR V1.0"

The DATA_SET_NAME element provides the full name given to a data set or a data product. 



	PRODUCER_INSTITUTION_NAME
	"ARIZONA STATE UNIVERSITY"

The PRODUCER_INSTITUTION_NAME element identifies university, research center, NASA center or other institution associated with the production of a data set.



	PRODUCER_ID
	"ASU"

The PRODUCER_ID element provides a short name or acronym for the producer or producing team/group of a data set.



	PRODUCER_FULL_NAME
	The PRODUCER_FULL_NAME element provides the full name of the individual mainly responsible for the production of a data set.



	PRODUCT_ID
	The PRODUCT_ID data element represents a permanent, unique identifier assigned to a data product by its producer. 



	PRODUCT_VERSION_ID
	The PRODUCT_VERSION_ID element identifies the version of an individual product within a data set. 



	INSTRUMENT_HOST_NAME
	"LUNAR RECONNAISSANCE ORBITER"

The INSTRUMENT_HOST_NAME element provides the full name of the host on which an instrument is based. This host can be either a spacecraft or an Earth base.



	INSTRUMENT_HOST_ID
	Always "LRO"

The INSTRUMENT_HOST_ID element provides a unique identifier for the host where an instrument is mounted.



	INSTRUMENT_NAME
	Always "LUNAR RECONNAISSANCE ORBITER CAMERA"
The INSTRUMENT_NAME element provides the full name of an instrument.



	INSTRUMENT_ID
	"LRO_LROCWAC", "LRO_LROCNACL", or "LRO_LROCNACR"
The INSTRUMENT_ID element provides an abbreviated name or acronym that identifies an instrument.



	TARGET_NAME
	"MOON", "EARTH", etc. 

The TARGET_NAME element identifies a target of the observation. 



	MISSION_PHASE_NAME
	"COMMISSIONING", “NOMINAL MISSION” or “EXTENDED MISSION”

The MISSION_PHASE_NAME element provides the commonly used identifier of a mission phase.



	SOURCE_PRODUCT_ID
	The SOURCE_PRODUCT_ID data element identifies a product used as input to create a new product. 



	RATIONALE_DESC
	The RATIONALE_DESC element describes the rationale for the provided product.



	SOFTWARE_NAME 
	The SOFTWARE_NAME element identifies data processing software such as a program or a program library.



	START_TIME
	For LROC mosaic products this is the START_TIME of the earliest acquired observation in the mosaic. The time is in the UTC system, formatted as: 

YYYY-MM-DDThh:mm:ss.fff.



	SPACECRAFT_CLOCK_START_COUNT
	Always "N/A"

This required keyword is not applicable for LROC mosaic products.



	STOP_TIME
	For LROC mosaic products, this is the STOP_TIME of the latest acquired observation in the mosaic. The time is in the UTC system, formatted as: 

YYYY-MM-DDThh:mm:ss.fff.



	SPACECRAFT_CLOCK_STOP_COUNT
	Always "N/A"

This required keyword is not applicable for LROC mosaic products.



	PRODUCT_CREATION_TIME
	The PRODUCT_CREATION_TIME element defines the UTC system format time when a product was created, formatted as: YYYY-MM-DDThh:mm:ss.fff.



	IMAGE_MAP_PROJECTION
	Object within label

	^DATA_SET_MAP_PROJECTION
	The DATA_SET_MAP_PROJECTION object is one of two distinct objects that define the map projection used in creating the digital images in a PDS data set. The name of other associated object that completes the definition is called IMAGE_MAP_PROJECTION. The map projection information resides in these two objects, essentially to reduce data redundancy and at the same time allow the inclusion of elements needed to process the data at the image level. Static information applicable to the complete data set resides in the DATA_SET_MAP_PROJECTION object, while dynamic information that is applicable to the individual images resides in the IMAGE_MAP_PROJECTION object. The DATA_SET_MAP_PROJECTION object is to be included in an Archive Quality Data Product Label, and used to load the map projection catalog data into a PDS Catalog.



	MAP_PROJECTION_TYPE
	"EQUIRECTANGULAR" or "POLAR STEROGRAPHIC"

The MAP_PROJECTION_TYPE element identifies the type of projection characteristic of a given map.



	PROJECTION_LATITUDE_TYPE
	"PLANETOCENTRIC"

Identifies the type of latitude that is sampled in equal increments by successive image lines. These projections are sometimes known informally as 'database projections' because their simplicity and global applicability for storing data for an entire planet are of greater interest than their formal cartographic properties. 



	A_AXIS_RADIUS
	1737.4 <KM>

The A_AXIS_RADIUS element provides the value of the semimajor axis of the ellipsoid that defines the approximate shape of a target body. 'A' is usually in the equatorial plane.



	B_AXIS_RADIUS
	1737.4 <KM>

The B_AXIS_RADIUS element provides the value of the intermediate axis of the ellipsoid that defines the approximate shape of a target body. 'B' is usually in the equatorial plane.



	C_AXIS_RADIUS
	1737.4 <KM>

The C_AXIS_RADIUS element provides the value of the semiminor axis of the ellipsoid that defines the approximate shape of a target body. 'C' is normal to the plane defined by 'A' and 'B'.



	COORDINATE_SYSTEM_NAME
	PLANETOCENTRIC

The COORDINATE_SYSTEM_NAME element provides the full name of the coordinate system to which the state vectors are referenced. PDS has currently defined body-fixed rotating coordinate systems.

The Planetocentric system has an origin at the center of mass of the body. The planetocentric latitude is the angle between the equatorial plane and a vector connecting the point of interest and the origin of the coordinate system. Latitudes are defined to be positive in the northern hemisphere of the body, where north is in the direction of Earth's angular momentum vector (i.e., pointing toward the hemisphere north of the solar system invariant plane). Longitudes increase toward the east making the Planetocentric system right-handed.



	POSITIVE_LONGITUDE_DIRECTION
	"EAST"

The POSITIVE_LONGITUDE_DIRECTION element identifies the direction of longitude (e.g. EAST, WEST) for a body.



	KEYWORD_LATITUDE_TYPE
	"PLANETOCENTRIC"

Identifies the type of latitude (planetographic or planetocentric) used in the labels (e.g., for the maximum, minimum, center, reference, and standard-parallel latitudes). This can differ from the type of latitude that is equally sampled in certain database projections.



	CENTER_LATITUDE
	The CENTER_LATITUDE element provides the reference latitude of the map projection. The MAP_SCALE (or MAP_RESOLUTION) is typically defined at the CENTER_LATITUDE and CENTER_LONGITUDE of the map projection. 



	CENTER_LONGITUDE
	The CENTER_LONGITUDE element provides a reference longitude for certain map projections. For example, in an Orthographic projection, the CENTER_LONGITUDE, along with the CENTER_LATITUDE, defines the point or tangency between the sphere of the planet and the plane of the projection. The MAP_SCALE (or MAP_RESOLUTION) is typically defined at the CENTER_LATITUDE and CENTER_LONGITUDE. In unprojected images, CENTER_LONGITUDE represents the longitude at the center of the image frame.



	LINE_FIRST_PIXEL
	The LINE_FIRST_PIXEL element provides the line (row) index for the first pixel that was physically recorded at the beginning of the image array. Note: For a fuller explanation on the use of this data element in the Image Map Projection Object, please refer to the PDS Standards Reference. 



	LINE_LAST_PIXEL
	The LINE_LAST_PIXEL element provides the line (rows) index for the last pixel that was physically recorded at the end of the image array. Note: For a fuller explanation on the use of this data element in the Image Map Projection Object, please refer to the PDS Standards Reference.



	SAMPLE_FIRST_PIXEL
	The SAMPLE_FIRST_PIXEL element provides the sample (column) index for the first pixel that was physically recorded at the beginning of the image array. Note: For a fuller explanation on the use of this data element in the Image Map Projection Object, please refer to the PDS Standards Reference.



	SAMPLE_LAST_PIXEL
	The SAMPLE_LAST_PIXEL element provides the sample (column) index for the last pixel that was physically recorded at the end of the image array. Note: For a fuller explanation on the use of this data element in the Image Map Projection Object, please refer to the PDS Standards Reference.



	MAP_PROJECTION_ROTATION
	Always 0.0

The MAP_PROJECTION_ROTATION element provides the clockwise rotation, in degrees, of the line and sample coordinates with respect to the map projection origin (LINE_PROJECTION_OFFSET, LINE_PROJECTION_OFFSET).



	MAP_RESOLUTION
	The MAP_RESOLUTION element identifies the resolution of a map in pixels/degree and the center latitude and longitude of the projection. 



	MAP_SCALE
	The MAP_SCALE element identifies the scale of a given map in meters/pixel at the center latitude and longitude of the projection.



	MAXIMUM_LATITUDE
	The MAXIMUM_LATITUDE element specifies the northernmost latitude of the map.



	MINIMUM_LATITUDE
	The MINIMUM_LATITUDE element specifies the southernmost latitude of a spatial area, such as a map, mosaic, bin, feature, or region.



	LINE_PROJECTION_OFFSET
	The LINE_PROJECTION_OFFSET element provides the line offset value of the map projection origin position from the line and sample 1,1 (line and sample 1,1 is considered the upper left corner of the digital array) Note: that the positive direction is to the right and down.



	SAMPLE_PROJECTION_OFFSE0T
	The SAMPLE_PROJECTION_OFFSET element provides the sample offset value of the map projection origin position from line and sample 1,1 (line and sample 1,1 is considered the upper left corner of the digital array). Note: that the positive direction is to the right and down.



	EASTERNMOST_LONGITUDE
	The following definitions describe easternmost longitude for the body-fixed, rotating coordinate systems:

For Planetocentric coordinates and for Planetographic coordinates in which longitude increases toward the east, the easternmost (rightmost) longitude of a spatial area (e.g., a map, mosaic, bin, feature or region) is the maximum numerical value of longitude unless it crosses the Prime Meridian.



	WESTERNMOST_LONGITUDE
	The following definitions describe westernmost longitude for the body-fixed, rotating coordinate systems:

For Planetocentric coordinates and for Planetographic coordinates in which longitude increases toward the east, the westernmost (leftmost) longitude of a spatial area (e.g., a map, mosaic, bin, feature or region) is the minimum numerical value of longitude unless it crosses the Prime Meridian.



	COMPRESSED_FILE
	Object within label

	FILE_NAME
	File name of the compressed file.

The FILE_NAME element provides the location independent name of a file. To promote portability across multiple platforms, PDS requires the FILE_NAME to be limited to a 27-character basename, a full stop (. period), and a 3-character extension. Valid characters include capital letters A - Z, numerals 0 - 9, and the underscore character (_).



	RECORD_TYPE
	UNDEFINED

Designated record type of the compressed file.



	ENCODING_TYPE
	"JP2"

Encoding type of the compressed file. The JP2 designation indicates JPEG2000 standard JP2 file format.



	ENCODING_TYPE_VERSION_NAME
	ISO/IEC15444-1:2004

The ISO/IEC Standard version designation.



	INTERCHANGE_FORMAT
	"BINARY"

The compressed file is a binary file.



	UNCOMPRESSED_FILE_NAME
	The name of the uncompressed file used to construct the compressed file.



	REQUIRED_STORAGE_BYTES
	Total number of bytes that make up the compressed file.



	^DESCRIPTION
	"JP2INFO.TXT"

File containing supplemental information about the JPEG2000 file. This file can be found in the DOCUMENT directory of the PDS volume housing the product.



	UNCOMPRESSED_FILE
	Object within label

	FILE_NAME
	File name of the source uncompressed file.



	RECORD_TYPE
	"FIXED_LENGTH"

Record type of uncompressed image file.



	RECORD_BYTES
	Number of bytes per record 



	^IMAGE
	The ^IMAGE element provides the location of the image object of the uncompressed file.



	IMAGE
	Object within label

	DESCRIPTION
	Description of the product. 



	LINES
	Number of image lines (rows) in the image object.



	LINE_SAMPLES
	Number of samples (columns) per image line. This dimension is the fasted varying dimension of the image array.



	BANDS
	Number of bands.



	SAMPLE_TYPE
	"MSB_UNSIGNED_INTEGER"

Sample or pixel type. 



	SAMPLE_BITS
	Always 16, number of bits per sample or pixel.



	SAMPLE_BIT_MASK
	Always 2#1111111111111111#

The SAMPLE_BIT_MASK element identifies the active bits in each sample. Note: The domain of SAMPLE_BIT_MASK is dependent upon the currently described value in the SAMPLE_BITS element and only applies to integer values.



	SCALING_FACTOR
	The SCALING_FACTOR and OFFSET elements provide the constant values by which the stored pixel values are converted to I/F.

Note: Expressed as an equation: true value (I/F) = offset value + (scaling factor x stored value). 



	OFFSET
	See SCALING_FACTOR keyword above.



	BAND_STORAGE_TYPE
	Always "BAND_SEQUENTIAL"

The BAND_STORAGE_TYPE element indicates the storage sequence of lines, samples and bands in an image. The values describe, for example, how different samples are interleaved in image lines, or how samples from different bands are arranged sequentially. Example values: "BAND SEQUENTIAL", "SAMPLE INTERLEAVED", "LINE INTERLEAVED".



	CENTER_FILTER_WAVELENGTH
	The CENTER_FILTER_WAVELENGTH element provides the middle point wavelength value between the minimum and maximum instrument filter wavelength values.



	CORE_NULL
	The CORE_NULL element identifies a special value whose presence indicates missing data.



	CORE_LOW_REPR_SATURATION
	The CORE_LOW_REPR_SATURATION element identifies a special value whose presence indicates the true value cannot be represented in the chosen data type and length.



	CORE_LOW_INSTR_SATURATION
	The CORE_LOW_INSTR_SATURATION element identifies a special value whose presence indicates the measuring instrument was saturated at the low end.



	CORE_HIGH_REPR_SATURATION
	The CORE_HIGH_REPR_SATURATION element identifies a special value whose presence indicates the true value cannot be represented in the chosen data type and length.



	CORE_HIGH_INSTR_SATURATION
	The CORE_HIGH_INSTR_SATURATION element identifies a special value whose presence indicates the measuring instrument was saturated at the high end.



	LRO:MINIMUM_STRETCH
	This element provides contrast stretch values to be used in the display of a LROC Image. The parameter is the minimum DN value to map to the 0 DN (Black) value of the display. For color images, there will be three values, one for each color.



	LRO:MAXIMUM_STRETCH
	This element provides a contrast stretch value to be used in the display of a LROC Image. The parameter specifies the DN value to map to the 255 DN value of the display. For color images, there will be three values, one for each color.



	FILTER_NAME
	315, 360, 415, 560, 600, 640, or 680

The FILTER_NAME element provides the commonly used name of the instrument filter through which an image or measurement was acquired or which is associated with a given instrument mode.




Appendix B – Map Projection Equations

Equirectangular Projection

The Equirectangular projection is based on the formula for a sphere. To eliminate confusion in the IMAGE_MAP_PROJECTION object we have set all three values, A_AXIS_RADIUS, B_AXIS_RADIUS, and C_AXIS_RADIUS to the same number. 

The Equirectangular projection [7] is a simple projection providing a linear relationship between the geographic coordinates of latitude and longitude and the Cartesian space of the map. In continuous form, the equations relating map coordinates (x, y) to geographic coordinates (Lat, Lon) are: 

x = R·(Lon-LonP)·COS(LatP) 


y = R·Lat

where LonP is the center longitude of the map projection, LatP is the center latitude of the projection at which scale is given, and R the radius of the body. 
The inverse formulas for Lat and Lon from x and y position in the projection are: 


Lat = y/R


Lon = LonP + x/(R·COS(LatP))

The Conversion from (x, y) map coordinates to image array coordinates (sample, line) is standard for all map projections and is:


x      = (Sample-S0)·Scale


y      = (-L0-Line)·Scale

where "Scale" is the map resolution in km/pixel (located at the center planetocentric latitude of the projection). "Line" and "Sample" are the coordinates of the image array, and line (L0) and sample offsets (S0) are the respective image coordinate displacements from pixel (1,1) to the origin of the projection (x,y) = (0,0). Please note, pixel (1,1) is spatially located in the upper-left corner of the image array. 

The equations from (x, y) to (Sample, Line) are:


Sample      = x/Scale+S0+1


Line        = -y/Scale-L0+1

The equation from (Sample, Line) to (Lat, Lon) is:


Lat = y/R


y   = (1-L0-Line)·Scale


Lat = (1-L0-Line)·Scale/R


Lon = LonP + x/(R·COS(LatP))


x   = (Sample-S0-1)·Scale


Lon = LonP + (Sample-S0-1)·Scale/(R·COS(LatP))

The keywords corresponding to the Equirectangular projection parameters are located in the IMAGE_MAP_PROJECTION object found in the PDS labels. The keywords for each equation parameter are shown below

	PDS Keywords for corresponding Equirectangular projection equation parameters

	Equation
	Keyword

	LonP
	CENTER_LONGITUDE

	LatP
	CENTER_LATITUDE

	L0
	LINE_PROJECTION_OFFSET

	S0
	SAMPLE_PROJECTION_OFFSET

	Scale
	MAP_SCALE

	R
	A_AXIS_RADIUS (same as B_AXIS_RADIUS and C_AXIS_RADIUS)


Polar Stereographic Projection

The Polar Stereographic projection [7], used for observations acquired at higher latitudes, is ideally suited for observations near the poles as shape and scale distortion are minimized. The LROC derived products in Polar Stereographic projection use the ellipsoid form of the equations. 

In continuous form, the spherical equations relating map coordinates (x, y) to planetocentric coordinates (Lat, Lon) are:
North Polar Stereographic:


x =  2·R·TAN(Pi/4-Lat/2)·SIN(Lon-LonP)


y = -2·R·TAN(Pi/4-Lat/2)·COS(Lon-LonP)

South Polar Stereographic:


x =  2·R·TAN(Pi/4+Lat/2)·SIN(Lon-LonP)


y =  2·R·TAN(Pi/4+Lat/2)·COS(Lon-LonP)

Where LonP is the central longitude, LatP is the latitude of true scale and is always 90 or -90, and R is the polar radius of the Moon, or 1,737.4 km.

The spherical inverse formulas for Lat and Lon from X and Y position in the image array are: 

Lat = ARCSIN[COS(C)·SIN(LatP)+y·SIN(C)·COS(LatP)/P]

North Polar Stereographic:


Lon = LonP + ARCTAN[x/(-y)]

South Polar Stereographic:


Lon = LonP + ARCTAN[x/y]

where:


P = SQRT(x2 + y2)

      
C =2·ARCTAN(P/2*R)

recall:


x = (Sample-S0

-1)·Scale


y = (1-L0-Line)·Scale
The keywords corresponding to the equation parameters for the Polar Stereographic projection are located in the IMAGE_MAP_PROJECTION object found in the PDS labels. The keywords for each equation parameter are shown above.

Appendix C – Photometric Stereo Products and Methods

Photometric stereo is well known to the artificial intelligence and robotic vision community but not in the planetary science community. Photoclinometry from single images (or shape from shading) is well known, but the problem is unconstrained. The major unknowns are slope, slope azimuth, and the albedo of the surface. Photometric stereo resolves these ambiguities from the use of two or more images of the scene from nearly the same viewing geometry but different illumination angles. Planetary scientists have rarely exploited this technique because few missions have provided more than a rare set of appropriate images. 

Even when albedo is uniform there are often two solutions for slope and slope azimuth. This ambiguity can be resolved via use of a 3rd image acquired with different (not co-planar) illumination; albedo can be extracted as well. The solution can be obtained rapidly by creating a three-dimensional lookup table for each triplet of images in which the calibrated intensity of each image is quantized to form the indices, slope, slope azimuth, and albedo are calculated for each triplet of intensities with the photometric function. The slope and slope azimuth solutions form vectors or a "needle diagram" in the three-dimensional table, and albedo is defined by position along the vector. The three images for photometric stereo must be co-registered to sub-pixel accuracy to obtain reliable results at the scale of single pixels. If registration is poor then pixels will be binned to minimize spurious results. 

LRO's orbit is ideal for the acquisition of triplets of images appropriate for photometric stereo with the best lighting geometry coming from the latitude bands near ±30˚-70˚ because image triplets with non-coplanar illumination can be easily acquired and there are few large shadows except in the early morning and late afternoon. 

Once the output files of slope and slope azimuth are created, it is possible to derive relative elevations by integrating slopes across the image. Low-frequency topography can be corrected to match the best available altimetry values over the scene thereby providing high-resolution absolute elevations relative to the center of mass. 

The LROC photometric stereo special products, briefly listed in the table shown below, are experimental products intended to demonstrate the utility of the data collection and the methodology employed in the derivation of high-resolution Digital Elevation Models (DEM).  These products are created on a best-effort basis. The techniques are experimental and may produce products that are of insufficient quality to become a suitable product for distribution to the science community within the nominal Exploration System Mission Directorate. Additionally, the products' organization and properties cannot be properly described until future investigations are carried out. Thus, it will not be possible to formally provide these products. The products will contain simple PDS labels that will assist users in understanding these products. 

	
	Description

	1
	Approximately 100 stereo sets of appropriate illumination and viewing geometries for geometric or photometric stereo that are calibrated and co-registered. 

	2
	A few digital elevation models produced to demonstrate the utility of the photometric stereo methods.
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