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1 - INTRODUCTION

================
This data collection for the NASA Planetary Data System includes NASA Lunar Orbiter (LO) photographs obtained by platform scanning of film strips or ‘framelets’, construction of frame mosaics from strips, basic cosmetic correction (including removal of stripes), geodetic control and map-projection of the frames, and construction of a global map of the Moon [Gaddis et al., 2001, 2003, 2009; Becker et al., 2004, 2005, 2008].  A selection of the highest spatial resolution LO data was also scanned, processed and mosaicked for several ‘sites of scientific interest’ on the Moon [Weller et al., 2006, 2007]. Included in this archive are LO film strips digitized on a CreoScitex platform scanner (the EverSmart Pro II) at 25 microns, frames processed to various levels at 50 microns, and documentation describing the LO mission, instruments, and processing steps (Table 1). This archive includes data from LO missions III, IV, and V only; data from LO I and II did not have adequate geometric information for cartographic processing and were not included in the global product.  This project was carried out between 1999 and 2010 by members of the Astrogeology Science Center of the U.S. Geological Survey in Flagstaff, Arizona, with funding from the NASA Planetary Geology and Geophysics and Lunar Precursor Robotic Programs.
Table 1.  Contents and size of the Lunar Orbiter digitized film archive.

Archive and 'Extras' Items        Number          Volume (GB)
Digitized film strips
     LO III                        2204            33
     LO IV                        11761           176
     LO V                         11210           168
Frame mosaics
     LO III

       No cosmetics                  80             8
       Cosmetically corrected        79             8
     LO IV

       No cosmetics                 408            40
       Cosmetically corrected       366            35
     LO V

       No cosmetics                 400            39
       Cosmetically corrected       370            36
Global mosaic*                       41*           19*
GeoJPEG2000 Projected Frames**      689**          28**

Ancillary data and documentation

     Index file(s)                
     Tables                       
     References                   
     Figures                      
                   Total          27608            570 GB
*  Includes full (512pxl/deg) and reduced resolution versions.

** Includes accompanying metadata files (in Geo-XML format).
A. Overview of the Archive

--------------------------

The NASA Lunar Orbiter (LO) program was a series of five unmanned orbiter missions launched by the United States in 1966 through 1967 to study and map the lunar surface prior to the Apollo program landings. All five Lunar Orbiter missions were successful, and together they mapped up to 99% of the Moon at ground resolutions of ~1 m to ~400 m [Hansen, 1970].  The first three missions (commonly referred to as LO I, II and III, but sometimes for brevity as LO 1, 2 and 3) focused on imaging 20 ‘sites of scientific interest’ near the lunar equator that were being considered as possible landing sites for Apollo missions.  LO missions IV and V emphasized broader, near-global coverage of the lunar near and far sides (at typical ground resolutions of ~60 m for much of the near side coverage and 200 to 400 m for the far side).  See the “LUNAR COVERAGE SUMMARY” section below (Section 4) for more information on coverage of the Lunar Orbiter missions.
Images obtained by the Lunar Orbiters were photographs acquired strip-by-strip on the spacecraft and developed while in orbit over the Moon. Each LO exposure produced two photographs: medium-resolution frames (recorded by the wide-angle, 80 mm focal length lens) and high-resolution frames (recorded by the narrow-angle, 610-mm focal length lens). Both cameras were pointed so that the area imaged by the high-resolution lens was centered within the area imaged by the medium-resolution frames. The full LO dataset consists of more than 960 (904 ‘useful’ per Hansen, 1970) medium- and 980 (744 ‘useful’ per Hansen, 1970) high-resolution frames, for a total of 1648 useful frames [Hansen, 1970].  (Note that counts of LO photographs can vary in part because of differences in how the frames were constructed and partly because some were later deemed ‘not useful’ [e.g., Hansen, 1970]).  The high-resolution frames are typically broken into three smaller sections or sub-frames, commonly designated by H1, H2 and H3 (or sometimes h1, h2, h3).

Of the 1648 most useful photographs acquired from orbit by the five LO spacecraft [e.g., Hansen, 1970; Bowker and Hughes, 1971; Eppler, 1992], this archive contains data for XXX (~30%) of them.  Of those, ~840 photographs were obtained during Missions I, II, and III [Hansen, 1970].  The remaining 808 photographs were taken during Missions IV and V, and these served to complete coverage of nearly the entire Moon. The LO photographs were taken from flight altitudes of ~40 km above the near side to ~6100 km above the far side and ground resolution varied from 1 to 275 m (Table 2). Nearside photo resolution ranged from 1 to ~60 meters depending on spacecraft altitude and slant range.
Photographic prints from the film strips were hand-mosaicked into sub-frame (for HR data) and full-frame (for MR data) views and distributed. About 32 film strips comprise one MR or one HR sub-frame.  Sub-frames were commonly distributed as 16x20-inch prints to NASA research centers, and are the basic illustration or ‘plates’ in books such as those by Bowker and Hughes [1971]. For each HR frame, three sub-frames were assembled; the full HR dataset consists of approximately 3000 subframes.  For global coverage of the Moon as portrayed by Bowker and Hughes [1971], 675 plates (or sub-frames) were used.  Because of significant overlap and missing or inadequate data, cartographic reconstruction of the LO global mosaic requires processing of ~500 plates or sub-frames of highest quality [Gaddis et al., 2001, 2003; Becker et al., 2004, 2005, 2008; Weller et al, 2006, 2007].

Geometric control of the global LO mosaic was provided by measurement of ~xxxxx tie points to the Unified Lunar Control Network [Archinal et al., 2006].  Because of the digital nature of the global and frame mosaics, geometric warping and/or updates to control are possible as new networks become available.  No radiometric calibration of the photographic data was performed.  The LO film strips and frame mosaics are released in density number (DN) format, with values scaled between 0 and 255, with specific densities assigned as 'special pixel' values (null=0, low saturation=1, and high saturation=255).
In addition to preservation of a significant portion of the LO film data, an early goal of this project was to create a cartographically accurate, global map from the digitized LO data to be used in support of lunar science and exploration research.  This digital mosaic [Becker et al., 2008] preserves detail in the original LO 70 mm film yet allows improvement in photographic frame quality and viewing by removing image artifacts such as shading, striping, and film markings.  The LO global mosaics are highly complementary to recent color views of the Moon provided by NASA/DOD Clementine data [Eliason et al., 1999, Gaddis et al., 2007] and serve as a foundation for analysis of new lunar data from missions such as Kaguya, Chandrayaan-1, and Lunar Reconnaissance Orbiter [e.g., Petro et al., 2008; Jolliff et al., 2009; see Figure 1 in /extras/document/LO_DigFilmArchive_Figures.pdf].  Although the global mosaic is comprised of only a fraction of the LO photographs, creation of this mosaic and release of its component parts and ancillary data are important steps in the revival of this historic dataset to support lunar research and exploration.
This data collection also contains ancillary data files that support the LO digitized film archive.  These files include browse images, index files that tabulate the archive contents, and catalog files that describe the Lunar Orbiter missions and their objectives and operations, the spacecrafts used, and the cameras used to acquire the photographic data archived here.  Improved photographic support data have also been created and are part of this archive. This volinfo.txt file summarizes these components at a high level and emphasizes the processing required to create the archive products.  The reader is referred to the catalog files and their cited references for more information.  For more information on the contents and organization of this archive volume, refer to the "FILES, DIRECTORIES AND DISK CONTENTS" section (Section 5) of this document.
B. Utility of the Archive

-------------------------

Aside from their immediate use in support of the Apollo mission, the Lunar Orbiter data have seen intensive scientific use since their acquisition.  A brief example of their utility can be found in books for both the layman and the student of lunar science such as those by Schultz [1972], Wilhelms [1970, 1987], Spudis [1996], Whitaker [1999], Byrne [2005, 2008], and Jolliff et al. [2006].  Public interest in the Moon was stirred by Lunar Orbiter views such as the ‘Photo of the Century’ showing details of the lunar surface (in this case, the interior of the crater Copernicus; see Figure 2 in /extras/document/LO_DigFilmArchive_Figures.pdf) for the first time.  Map products such as those by Wilhelms and McCauley [1971] were produced with LO photos as map bases, and the new digital LO data are still in active use for lunar geologic mapping [e.g., Gaddis et al., 2005, 2006].  The new digital LO views of the Moon can now be readily combined with color data from other lunar sensors [e.g., Eliason et al., 1999; Bussey and Spudis, 2004; Gaddis et al., 2007; see Figure 3 in /extras/document/LO_DigFilmArchive_Figures.pdf]. 
The outstanding Lunar Orbiter views of the Moon were of generally very high spatial resolution and covered nearly all the lunar surface. Obvious imperfections, such as “venetian blind” striping, variable brightness across strips, missing data, saturation effects and ‘water marks’ caused by onboard film processing can be seen in many frames [e.g., Hansen, 1970; Kosofsky and El-Baz, 1970; Bowker and Hughes, 1971] and these can inhibit their use (see Figure 4 in /extras/document/LO_DigFilmArchive_Figures.pdf).  Scanning and manipulation of digital LO data has overcome some of these problems and produced unparalleled views of the lunar surface [Gaddis et al., 2001, 2003; Becker et al., 2004, 2005; Weller et al, 2006, 2007; Byrne, 2005, 2008].
This PDS archive complements the online Lunar Orbiter data projects at 
USGS (http://astrogeology.usgs.gov/Projects/LunarOrbiterDigitization/) and LPI (http://www.lpi.usra.edu/resources/lunar_orbiter/; [e.g., Gillis et al., 2000, 2004]) and represents a subset of the very high quality data that are being restored from magnetic tape by the NASA Lunar Orbiter Image Recovery Project (LOIRP; see http://www.nasa.gov/topics/moonmars/features/LOIRP/; [e.g., Wingo and Cowing, 2009]).
Go to Table of Contents.
2 - THE NASA LUNAR ORBITER PROGRAM
==================================

The NASA Lunar Orbiter (LO) program, in conjunction with the Ranger and Surveyor missions of the 1960’s, was part of a plan for unmanned lunar exploration designed to assist in characterizing the lunar surface so that humans could land safely on the Moon by Project Apollo [e.g., Taback, 1964; Kosofsky and Broome, 1965; Lloyd and Fudali, 1965; Lunar Orbiter Project Office, 1966; Boeing Company, 1967a-i, 1968a-f; Wheelock, 1967; Jaffe, 1969; Kosofsky and El-Baz, 1970; Eppler, 1992].  Ranger provided early close-up television views of the lunar surface, and Surveyor obtained measurements of surface properties such as bearing strength at specific locations.  The five unmanned Lunar Orbiter missions, launched on Atlas-Agena D vehicles by NASA in 1966 and 1967 [Table 2; Hansen, 1970], were designed to photograph the lunar surface at a variety of spatial resolutions prior to the Apollo landed missions so that earlier information could be extrapolated to a wider range of possible landing sites. The Lunar Orbiter missions carried a unique dual framing camera photographic system designed and built by Eastman Kodak in which two simultaneous exposures were made on film on the spacecraft, processed on board, and then read out and transmitted by video to Earth [e.g., Beeler and Michlovitz, 1969; Hansen, 1970; Bowker and Hughes, 1971].

The Lunar Orbiter project, which remains one of NASA’s most successful, was carried out by the Boeing Company under the management of the NASA Langley Research Center.  Construction and launching of five Lunar Orbiter spacecraft to the Moon had a total estimated cost of $163 million [e.g., Kloman, 1972; Byers, 1977].  All five Lunar Orbiter missions operated successfully and 99% of the Moon was photographed with a resolution of 275 m or better; more than 90% of the lunar near side was covered with a resolution of better than 60 m [Hansen, 1970].  Altogether the orbiters returned 744 high resolution and 904 medium resolution useful frames of the lunar surface. The first three missions obtained images of 20 potential lunar landing sites; these missions were flown at ~low altitude in low inclination orbits and were focused on the area of primary interest for Apollo, bounded by latitude +- 10 degree latitude and +- 60 degrees longitude (an area of ~40,000 square kilometers) on the lunar near side.  The fourth and fifth missions were devoted to broader scientific objectives and were flown in high altitude polar orbits.  Lunar Orbiter IV alone photographed the entire near side and 95% of the far side, and Lunar Orbiter V completed the far side coverage and acquired medium (20 m) and high (2 m) resolution images of 36 sites of high scientific interest.

Table 2.  Lunar Orbiter Camera Operational Characteristics.

Photographic       Lunar       Lunar       Lunar       Lunar       Lunar

Parameters         Orbiter I   Orbiter II  Orbiter III Orbiter IV  Orbiter V

-----------------  ---------   ---------   ---------   ---------   ----------

Launch Date        8/10/66     11/6/66     2/5/67      5/4/67      8/1/67

Periselene* (km)   40          50          55          2706        99

Aposelene* (km)    1817        1853        1847        6114        6028

Inclination* (deg) 12          12          21          85.5        85

Period* (h)        3.5         3.5         3.5         12          8.5

Impact

-Date              10/29/66    10/11/67    10/9/67    10/31/67    1/31/68

-Location          6N, 161E    3N, 119E    14N, 93W   ?, ~26W     3S, 83W    

Photo Acquisition  8/18-29/66  11/18-25/66 2/15-23/67 5/11-26/67  8/6-18/67

Number of Useful Frames (incl. partials)

-High resolution   12         209         173         141         209

-Medium resolution 204        208         157         125         210

-Totals (of 1648)  216        417         330         266         419
Highest ground resolution (m)

-Periselene        8          1           1           58          2

-Aposelene         275        33          32          134         125

_______________

After [Hansen, 1970]; *Lowest values.

A. Program Management
---------------------

The successful suite of Lunar Orbiter missions required the integrated and cooperative efforts of government agencies, private contractors, subcontractors and worldwide data collection system of the NASA Deep Space Network (DSN) [e.g., Byers, 1977]. As the prime contractor, Boeing was responsible to the Lunar Orbiter Project Office of the NASA Langley Research Center for overall project management and implementation of the complete operating system and also for effective working relationships with all participating government agencies. The NASA Lewis Research Center provided the Atlas-Agena launch vehicle and associated services. The Air Force Eastern Test Range (AFETR) provided facilities equipment and support to test, check out, assemble, launch and track the spacecraft and launch vehicle. AFETR also controlled the Atlas launch vehicle trajectory and monitored Agena performance to ensure orbital separation. 

The Deep Space Network (DSN) was managed by the Jet Propulsion Laboratory and consisted of the Space Flight Operations Facility (SFOF) and the Deep Space Stations (DSS) to provide two-way communications with the spacecraft, data collection, and data processing.  Facilities were also provided for operational control. Goddard Space Flight Center was responsible for the worldwide network of communication lines to ensure prompt distribution of information between the tracing stations and SFOF.

B. Spacecraft

-------------

The Lunar Orbiter missions were launched aboard Atlas-Agena D vehicles from Cape Canaveral (Kennedy Space Center) in Florida at roughly three-month intervals between 1966-08-10 and 1968-08-01 [Table 2; e.g., Zweigbaum, 1966]. The spacecraft was a three-axis stabilized vehicle with a normal weight of 383 kg and was designed to be mounted within an aerodynamic nose shroud on top of the Atlas/Agena launch vehicle. 

The main bus of each Lunar Orbiter spacecraft was shaped like a truncated cone (1.65 meters tall and 1.5 meters in diameter at the base) and weighed 390 kilograms at launch [e.g., Byers, 1977].  The spacecrafts had three decks supported by trusses and an arch.  The equipment deck at the base of each spacecraft contained a 12 amp-hr nickel-cadmium battery, transponder, flight programmer, inertial reference unit (IRU), Canopus star tracker, command decoder, multiplex encoder, traveling wave tube amplifier (TWTA), and the photographic system. Four solar panels extended out from this deck approximately perpendicular to the spacecraft centerline with a span of 3.72 meters. Power of 375 W was provided by four solar arrays containing 10,856 n/p solar cells that ran the spacecraft and charged the 12 A-h nickel-cadmium battery. Also extending out from the base of the spacecraft were a high-gain antenna on a 1.32 meter boom and a low-gain antenna on a 2.08 meter boom. Above the equipment deck, the middle deck held the velocity control engine, propellant, oxidizer and pressurization tanks, Sun sensors, and micrometeoroid detectors. The third deck consisted of a heat shield to protect the spacecraft from the firing of the velocity control engine. The nozzle of the engine protruded through the center of the shield. Mounted on the perimeter of the top deck were four attitude control thrusters.

The required operating power of 375 W was provided by the four solar arrays containing 10,856 n/p solar cells which would directly run the spacecraft and also charge the battery. The batteries were used during brief periods of occultation when no solar power was available. Propulsion for major maneuvers was provided by the velocity control engine mounted on a gimbal, a hypergolic 100-pound-thrust Marquardt rocket motor. Three-axis stabilization and attitude control were provided by four one-pound nitrogen gas jets. Navigational data was provided by five Sun sensors, Canopus star sensor, and the IRU equipped with internal gyroscopes. Communications used a 10 W transmitter and the directional 1 meter diameter high-gain antenna for transmission of photographs and a 0.5 W transmitter and omnidirectional low-gain antenna for other communications [e.g., Bundick et al., 1965]. Both antennas operated in S-band at 2295 MHz. Thermal control was maintained by a multilayer aluminized Mylar and Dacron thermal blanket which covered the main bus, special paint, insulation, and small heaters. The blanket protected the spacecraft from the firing of the velocity control engine and the nozzle of the engine protruded through the center of the shield.

C. Objectives

-------------

The Lunar Orbiter program had three primary objectives:

1) To obtain detailed lunar topographic and geologic information of a variety of lunar terrains to assess their suitability as landing sites by Apollo and Surveyor spacecraft and to increase scientific understanding of the Moon;

2) To provide precision trajectory information that could be used to improve the definition of the lunar gravitational field; and

3) To provide measurements of micrometeoroid and radiation flux in the lunar environment for spacecraft performance analysis and safety.

To achieve these objectives, the Lunar Orbiter spacecraft were each equipped with a photographic subsystem and instruments to collect selenodetic, radiation intensity, and micrometeoroid impact data.

D. Instrumentation

------------------

Each of the five Lunar Orbiter spacecraft carried instrumentation to photograph the lunar surface and to measure lunar gravity, radiation, and dust [e.g., Allenby, 1970; Hansen, 1970; Bowker and Hughes, 1971; Byers, 1977].  The photographic program was led by Leon J. Kosofsky of the NASA Lunar Orbiter Program Office.  The non-photographic experiments were designed and led by scientists of the NASA Langley Research Center: selenodesy experiments by William H. Michael, radiation experiments by Trutz Foelsche, and dust experiments by Charles A. Gurtler and William H. Kinnard.

Managed by The Boeing Company and built by the Eastman Kodak Company, the Lunar Orbiter photographic subsystems represented a scaled-down version of the Eastman Kodak photographic systems in use in the early 1960’s by the U.S. Air Force [e.g., Broome and Moorman, 1967; Eastman Kodak Company, 1967; Elle et al., 1967; Moyers, 1969a-e; Bowker and Hughes, 1971; Anderson and Miller, 1971].  Each photographic subsystem was a unique and sophisticated instrument suite consisting of a dual-lens camera, a film processor, a readout scanner, and a film handling apparatus. Photographic instrumentation was housed in a pressurized, temperature-controlled container. Both Lunar Orbiter lenses, a 610-mm narrow angle high-resolution (HR) lens and an 80-mm wide-angle medium resolution (MR) lens, obtained photographs simultaneously and were designed to place their frame exposures on a single roll of 70-mm Kodak SO 243 aerial film so the area imaged in the HR frames were centered within the MR frame areas. Each Lunar Orbiter spacecraft had sufficient film to record as many as 426 photographs, or 213 pairs of MR and HR frames [Hansen, 1970].  Each camera operated at a fixed aperture of f/5.6 with controllable shutter speeds of 0.01, 0.02, or 0.04 second.  The angular coverage of the 80-mm lens was 44.4 x 38 degrees, and centered within this field was the 20.4 x 5.16 degree view of the 610-mm lens.  Thus the dual cameras each had the same line of sight (i.e., the boresights of the two cameras were coincident) but different fields of view and ground resolutions. The film was moved during exposure to compensate for the spacecraft velocity.

Following acquisition of a photographic sequence, a Kodak dry Bitmat transfer film was used to process the film (e.g., develop and fix the image) prior to readout [e.g., Allenby, 1970].  Readout required a line-scanner, a photomultiplier tube, and various optics and electronics.  In the line scan tube, a 112-micron diameter spot of light was focused and projected onto a smaller, 6.5-micron diameter spot onto the film.  A resulting complete scan of a framelet consisted of 16359 parallel scane lines (each 2.67 mm long) across 57 mm of the 70-mm film.  The next scan was made in reverse direction after advancing the film 2.54 mm to allow for overlap.  A complete dual-exposure, interlaced frame was 298 mm long and required 117 framelets.

Light passing through the film was modulated by image density and sensed by a photomultiplier tube through the light-collector optics.  An electrical signal proportional to the intensity of the light was transmitted to the ground receiving station as a video signal and converted to a line scan on a kinescope tube.  This tube recorded variations in image density on the spacecraft film, and so produced a faithful record of the lunar surface on 35-mm Kodak television recording film here on Earth.  After processing, excess film was removed from this positive image film and individual strips were separated.  Strips or framelets were hand-laid side by side on film to reconstruct the original photograph, and master negatives and a multi-generation series of positives and negatives were made from the original film positives.

The received video signal was routed into the ground reconstruction electronics (GRE) where it was (1) recorded onto magnetic tapes and (2) converted into an intensity-modulated line on the face of a cathode-ray tube that was then used to expose 35-mm film in a continuous motion camera to reconstruct the film strips or ‘framelets’.  The reconstructed framelets were approximately 18 mm wide and 40 cm long, and their scale was 7.18 times spacecraft scale.  These GRE framelets represented the original flight data and were considered ‘zero generation’ film positives.  The framelets were reassembled into frames in their entirety for MR frames and into three sub-frames for HR frames (so-called H1, H2, H3).  The Lunar Orbiter framelets on magnetic tapes were higher quality and were used to make first-generation or master 35-mm negatives.  Second and third generation film negatives were also made quickly to support mission operations and planning, but after the mission was completed, a new set of master film positives was created from the modulated GRE data and used to make 20 x 24 inch contact prints (new ‘first generation master negatives’) for public dissemination.  The resulting outstanding views were of generally very high spatial resolution (e.g., ~1 to 1000 m, depending on the mission) and covered a substantial portion of the lunar surface. However, these products contained anomalies such as "venetian blind" striping, missing or duplicated data, and frequent saturation effects that hampered their use (e.g., see Figure 4 in /extras/document/LO_DigFilmArchive_Figures.pdf).
Prior to being placed onboard the spacecraft, the edges of the photographic film were exposed with ‘framelet’ or strip numbers, a nine-level grayscale bar, resolving power chart, and a geometric pattern of reseau marks (seen as white plus or + marks on the film) and triangular fiducials to facilitate frame reconstruction and removal of distortion and artifacts (see Figure 5 in /extras/document/LO_DigFilmArchive_Figures.pdf).  Reseau marks provided a means for determination and correction of image distortions introduced by the system subsequent to the optical imaging on the spacecraft film [e.g., Hansen, 1969a, b; Anderson and Miller, 1971].

The instrumentation for the Lunar Orbiter gravity, shape, and physical properties (‘selenodesy’) experiments included a power source, an antenna, and a transponder. High-frequency radio signals were received by the spacecrafts from Earth tracking stations and then retransmitted back to the stations to provide data on signal propagation times (range) and doppler frequency measurements [range rate; e.g., Lorell, 1970].  Tracking data coverage was continuous while the spacecraft was in cislunar space (i.e., situated between the Earth and the Moon) and visible from Earth. Three Lunar Orbiters (II, III and V) were tracked simultaneously from August to October 1967. Information was acquired during the cislunar, the first, second, and third ellipse, and the extended mission (from the end of the photographic mission to lunar impact) phases of the mission. Doppler, ranging, hour angle points, and declination angle points data were accumulated during tracking. The quality of recorded selenodetic data typically ranged from good to excellent.

All five Lunar Orbiter spacecraft also carried two proton-radiation detectors to measure the approximate doses of radiation that might be experienced by the Lunar Orbiter film and later by astronauts in space and on the lunar surface.  Radiation (primarily cosmic ray events) was measured by two cesium iodide (CsI) dosimeters, one of which was shielded by 0.2 gram of aluminum per square centimeter and the other by 2.0 grams aluminum per square centimeter. During Lunar Orbiter operations, the radiation detector monitored conditions to protect the film from cosmic rays.  

Each of the five Lunar Orbiter spacecraft also carried 20 dust detectors for measuring the number of micrometeoroids in the lunar environment [e.g., Byers, 1977]. These half-cylinder-shaped detectors were located outside the thermal blanket on the middle deck periphery, were covered by a beryllium-copper shell, and were pressurized with helium gas.  A rupture of the 0.025 mm–thick shell by a micrometeoroid released the gas pressure and activated a pressure-sensitive switch to count the event.  These data, along with radiation measurements, were used to assess the near-lunar environment, to compare meteoroid hazard near the Earth and Moon, and to help determine the amount of protection needed for the Apollo capsules, spacesuits, and equipment.

E. Results

----------

The five Lunar Orbiter spacecraft returned more than 1648 high-quality photographs of the Moon taken from lunar orbit [Table 2; e.g., Hansen, 1970; Bowker and Hughes, 1971; Eppler, 1992].  Of those, ~840 photographs of 49 lunar near side sites successfully addressed Project Apollo requirements and were obtained primarily during Missions I, II, and III [Hansen, 1970].  Following Lunar Orbiter III, eight potential Apollo landing sites were selected and five were identified for additional imaging.  The remaining 808 photographs were taken primarily during Missions IV and V and include 703 of the lunar near side and 105 of the far side. Six photographs of Earth were also acquired (these are not included in Table 2). Lunar Orbiter IV and V photographs provide broad coverage of nearly the entire Moon and detailed coverage for 193 sites on the near side, including the five promising Apollo landing sites identified earlier. Lunar Orbiter photographs were taken from flight altitudes of ~40 km above the near side to ~6100 km above the far side and ground resolution varied from 1 to 275 m (Table 2). In the five missions, nearside and farside coverage was nearly complete with good photo quality. Nearside photo resolution ranged from 1 to ~60 meters depending on spacecraft altitude and slant range.

Tracking data of Lunar Orbiter spacecraft position and speed were used to determine how the Moon’s gravity affected the orbit of each Lunar Orbiter spacecraft.  As a result, the lunar gravity field and global structure were successfully characterized [e.g., Lorell, 1970; Ferrari, 1975; Ananda, 1975].  Also, unusual concentrations of mass [‘mascons’, Muller and Sjogren, 1968] associated with mare fill in many near side lunar basins were discovered through analyses of the Lunar Orbiter selenodetic data.  In combination with the Lunar Orbiter photographic data, Lunar Orbiter selenodetic data provided fundamental information on the nature of the lunar surface, its stratigraphy, and chronology that laid the groundwork for the Apollo program and led to new models of the composition and structure of the interior of the Moon [e.g., Solomon, 1974].

LO micrometeoroid experiments recorded 22 impacts showing the average micrometeoroid flux near the Moon was about two orders of magnitude greater than in interplanetary space but slightly less than the near Earth environment [e.g., Gurtler and Grew, 1968; Grew and Gurtler, 1971].

Results of the Lunar Orbiter radiation experiments showed that all events recorded were of significance to a man in space only where shielding was light, such as in a space suit or in the Lunar Module [Foelsche, 1968].  These experiments confirmed that the design of Apollo hardware would protect the astronauts from average and greater-than-average short term exposure to solar particle events.

All Lunar Orbiter spacecraft were eventually commanded to crash on the Moon before their attitude control gas ran out so they would not present navigational or communications hazards to later Apollo flights.

F.  Radiometric Quality
-----------------------
Following completion of the Lunar Orbiter mission, the source video tapes were used to generate a set of positive framelets; these had improved tonal qualities over those produced during the mission [Hansen, 1970].  Because the source video film was subjected to electronic pre-processing [i.e., intentionally distorted) prior to input into the GRE, the 35-mm film has density variations that are not accurate representations of lunar reflectance and should not be used for densitometric or photometric analysis.  No radiometric calibration of the photographic data was performed during this project.  

Add more info on which version/generation of the film strips we worked with.
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3 – FILM DIGITIZATION AND PROCESSING

====================================

Starting in 1999, a program of film scanning and processing has been carried out by the Astrogeology Program of the U.S. Geological Survey in Flagstaff, Arizona.  The ‘Lunar Orbiter Digitization Project’ (http://astrogeology.usgs.gov/Projects/LunarOrbiterDigitization/) was supported by NASA as part of the Cartography and Geologic Mapping Program funded by the Planetary Geology and Geophysics Program of the NASA Science Mission Directorate.  Film selection and digitization began in earnest in 2000 [Gaddis et al., 2001] and processing of the global mosaic was completed in 2008 [Becker et al., 2008].  In 2006 scanning of selected ‘very high resolution’ LO frames began [Weller et al., 2006, 2007], overlapping in time with production of the global mosaic.
Development of the digital Lunar Orbiter global mosaic required five major steps:  (1) Film selection, handling and digitization; (2) Cosmetic correction to suppress noise, resampling to lower resolution, and removal of dashed synchronization lines, (3) Frame construction, (4) Removal of stripes from the constructed frame, and (5) Cartographic processing via application of LO camera models for each mission, map projection, and coregistration to the most recent lunar control network [Archinal et al., 2006].  It was mutually agreed upon by NASA and USGS that work would be carried out using later-generation (usually 2nd, sometimes 3rd) film positives housed in canisters in the libraries of the USGS and the Lunar and Planetary Institute (LPI) in Houston, Texas.  Scanning was done using a flatbed scanner made by CreoScitex (the EverSmart Pro II, with a scanning platform 12 by 17 inches in size) because it was a cost-effective device that could scan at pixel resolutions of as low as 8 microns.  The film was cut into 16-inch strips, cleaned (if needed), scanned, spliced back into the original reel, and returned to the source libraries.  Data processing was performed using the NASA-funded USGS in-house software, version 2.X of ISIS [Integrated Software for Imagers and Spectrometers; Eliason, 1997; Gaddis et al., 1997; Torson and Becker, 1997].  Below is a brief summary of these processing steps.

A.  Film Handling and Digitization

----------------------------------

First, identification of the ‘best’ film and selection of scanning parameters to preserve the details on the LO film were carried out.  An inventory of the LO film collections at USGS and LPI was completed in 2002.  This required surveying ~3000 canisters at each location, identifying desired frames and sometimes multiple copies, and recording handwritten data (film-strip numbers, frames, resolution, “quality”, and density) from each canister.  Film in each canister was examined for completeness of strips, frame coverage, and validity of recorded film density for the type of terrain imaged. The best canisters were selected on the basis of contrast, coverage, and minimal artifacts.  Data from a single canister were used where possible to maintain consistent overall brightness and density number (DN) within a frame.

Film was cut, mounted on a template, and scanned (four strips at a time) on the CreoScitex Eversmart Pro II scanner (see Figure 6 in /extras/document/LO_DigFilmArchive_Figures.pdf).  After thorough testing, these scanner parameters were applied: (1) a scanner film density setting was selected to preserve the dynamic range and contrast of the original film (provide examples or range of values used?); (2) the film is scanned at 25 microns (e.g., ~16 m/pixel for HR frames), archived as raw files, and resampled to 50 microns for frame construction and further processing.  One 25-micron scanned strip makes a 16550 x 970-pixel image, with overlap between strips of ~37 pixels or less.  Fine scene details observed on the film are retained in data resampled to 50 microns, and differences in image quality between 25- and 50-microns were evaluated and determined to be largely due to film texture, random noise, and/or topographically modulated noise (see Figure 7 in /extras/document/LO_DigFilmArchive_Figures.pdf).
Immediately following film scanning was a quality control step; each four-strip template scan was meticulously examined and rescanned if reasonable and/or significant improvement was possible.  The scanned product was an 8-bit TIFF image that preserved the original film data and was readily ingested into ISIS.  After passing the quality control step and validation in ISIS, digital files for each film strip were converted to raw image files and archived on DVD before further processing (these were stored as unlabeled, raw data in the ‘EXTRAS’ directory of this archive, see /EXTRAS/SCANNED_STRIPS/README_LO_STRIPS.TXT for additional information).

Digitization of Lunar Orbiter film strips for frames with global coverage was completed in June 2003.  Global coverage included 160 HR full frames and 45 MR frames acquired by LO missions III, IV, and V.  Ground resolutions of this global dataset range from 30 to 100 meters for the HR data and 400 to 1000 meters for the MR data.  LO-IV systematic HR near side data comprises 88% of the global dataset.  Approximately 25,000 35-mm film strips were scanned at 25-micron resolution.
B.  Cosmetic Correction
-----------------------
Cosmetic correction or clean-up of the scanned Lunar Orbiter 25-micron film strips focused on removal of noise and synchronization lines through the judicious application of spatial filters.  The synchronization lines are seen in the form of short, white or high-DN dashes at both edges of each film strip (see Figure 8 in /extras/document/LO_DigFilmArchive_Figures.pdf).  First, a low-pass-filter was applied to remove film grain and each strip was resampled to 50 microns.  A tailored high-pass-filter was then applied to model the size and shape of the dashed synchronization lines and assigns them to null-valued pixels.  Null pixels were then filled in with averages of surrounding valid pixels.  Every attempt was made to preserve original film information and not to introduce artifacts in these steps.
Discuss gaps here (see Figure 9 in /extras/document/LO_DigFilmArchive_Figures.pdf)
C.  Frame Construction
----------------------

Frame construction makes use of the pre-exposed data on each film strip, especially the strip numbers, fiducials and reseau marks (tiny white crosses or ‘+’ marks distributed systematically across and down the film strip; see Figure 9 in /extras/document/LO_DigFilmArchive_Figures.pdf).  Each film strip typically has 23 to 35 reseau marks, and a single HR frame has ~2185 reseau marks.  Measured reseau-mark locations are used to compensate for film distortion in frame construction and in the geometric rectification process. Automated processing in ISIS was used to locate and record the position of every visible reseau mark in each film strip, and these locations were mapped to their correct positions [determined by reference to positional information in ref] in the output frame via a warp or rubber-stretch process that used a weighted least-squares fit to a 1st order polynomial describing the orthogonal positions of the reseaux.  This frame construction and mapping process also removes some amount film distortion.

Constructed LO frames (in TIFF format) without geometric or cartographic processing are available at 100-micron resolution on the LO Web site of the U.S. Geological Survey Astrogeology Science Center http://astrogeology.usgs.gov/Projects/LunarOrbiterDigitization/ (see Figure 10 in /extras/document/LO_DigFilmArchive_Figures.pdf).  Typically, both uncorrected and cosmetically corrected (mostly destriped) versions are available.  This site also provides lunar maps showing the outline boundary coverage of each LO frame and corresponding frame-number labels.  Users can select a frame number and the constructed frame (or sub-frames) is displayed at thumbnail resolution with the option to select higher resolutions for display and/or download.

Construction of the relatively high-quality near side HR LO frames was relatively straightforward, but far side frames posed several problems.  Image quality (e.g., resolution and contrast) was often poorer among MR frames, so positions of reseaux had to be manually measured or calculated.  Also, deep shadows present in many far side frames made many fiducials difficult or impossible to identify.  Using historical instrument documentation [ref], a method was developed and applied to use measured HR fiducials to derive boresights of many MR frames.
D.  Removal of Artifacts
------------------------
Removal of the ‘venetian blind’ or horizontal striping present in most LO frames was a particularly troublesome aspect of the data processing.  Early on, models of the striping patterns at several widths were created for each sub-frame mosaic by applying a series of low- and high-pass spatial filters.  These models were then subtracted from the mosaic to remove stripes.  Unfortunately, problems remained and even more sophisticated methods of stripe removal [e.g., Byrne, 2005, 2008] did not completely remove them.  Further research was performed to characterize the behavior of these features in more detail.  Application of three frequency-domain models of stripe behavior were developed for LO digital frames in the global mosaic [Mlsna and Becker, 2006] and in most cases these removed the observed stripes (see Figure 8 in /extras/document/LO_DigFilmArchive_Figures.pdf).
Other blemishes, artifacts and film characteristics were also observed during processing.  These included low data quality or missing data in some strips, scratches, watermarks (resulting from onboard film developing and transfer), vignetting (regional shading pattern within a frame), saturation (‘washout’ or an excessive brightness region on the film, usually resulting from reflection of sunlight from a facing slope), shading (from topography or at the limb or terminator of the Moon), lack of or indistinct reseau or fiducial marks, and image cut-off at the edges (possibly due to readout processes or film curling) causing gaps between film strips.  Extensive manual processing was necessary to compensate for some of these blemishes, but most were left alone to preserve the original data quality and focus on cartographic processing of the data.

E.  Cartographic Processing of Frame Mosaics
--------------------------------------------
Cartographic processing was applied to create properly positioned and ‘mapped’ versions of the LO digital, constructed frames (see Figure 11 in /extras/document/LO_DigFilmArchive_Figures.pdf).  Map-projection and general orientation and positioning of the frame mosaics were accomplished through application of a camera model for each LO camera in ISIS.  Camera models utilize and describe the relative positions and pointing of the planet, spacecraft and instrument when photographs were taken.  Camera models for LO-III, -IV and -V HR and MR cameras were developed and used in ISIS.  Nominal values for positions of reseau and fiducial marks (286 sawtooth fiducials per HR frame, used as a cartographic frame of reference for each camera) were obtained from LO calibration reports [e.g., U.S. Air Force, 1968].  Required data for each full frame mosaic included:  mission number, frame number, date, time, and coefficients for spacecraft position and orientation [Anderson and Miller, 1971]. With these values, ISIS cartographic software was applied to a constructed frame to project it to a given map projection and to calculate and report latitude, longitude, resolution, and emission, incidence and phase angles for every pixel.  Considerable support was provided to us by the NASA Navigation and Ancillary Information Facility (NAIF) at the Jet Propulsion Laboratory in this work [ref.].  However, photogrammetric processing of the Lunar Orbiter cartographic frames [Rosiek et al., 2006] revealed the presence of a camera distortion effect in the HR LO-IV data, and this required assessment and correction for all LO HR cameras.
1. Camera Distortion
The optical distortion of the HR cameras for LO-III, -IV, and –V was modeled by measuring tie-points between HR and simultaneously acquired MR frames. Feature coordinates in the MR frames were corrected for the known geometric distortion [U.S. Air Force, 1967a, b; 1968]. In addition to determining the true focal length of each HR camera and measuring a radial distortion pattern, evidence of a “keystone” distortion was discovered in each camera.  Such a distortion results from a slight (<1°) mis-alignment of the fold mirror in the HR optics; a correction in camera models was implemented as a simple transformation of the focal plane coordinates to a perpendicular view.
A fundamental aspect of all LO camera models is the calculation of boresight so that a true point of origin can be located for each frame.  When available, fiducial marks are used to cal-culate the boresight.  The quality and behavior of the fiducial measurements were examined while modeling the HR camera distortion and a common displacement between the outer two and center sub-frames of an HR frame was observed. It was concluded that this resulted from slightly different boresights calculated from local sub-frame fiducial measurements.  Recall that the LO HR frames are constructed in three separate sections or sub-frames consistent with their presentation in historic literature [e.g., Bowker and Hughes, 1971]. Fiducial measurements and offset values for each sub-frame were then mapped into full-frame space and used to calculate a single boresight for HR frames.  This improved reconstruction of sub-frames into full frames and generated a more accurate HR camera product.

For all LO frames, an accurate boresight value is essential for geometric rectification and is necessary for defining the point of symmetry for the documented and modeled radial distortion.  Documentation of the LO MR camera [U.S. Air Force, 1967a, b; 1968] is limited in scope and subject to interpretation.  As a result, there was a need to test more than one technique to validate the MR camera boresight. Utilizing both the known offset between the HR and MR cameras for each mission [U.S. Air Force, 1967a, b; 1968] and the improved accuracy of the HR camera boresight noted above, it was possible to more accurately determine the MR camera boresight.  As part of this project, MR camera boresight calculations were updated and applied to all constructed frames prior to geometric control.  
LO-I data were not included in this processing because they do not include the required reseau marks.  LO-II data were not included because we cannot locate the required documentation for this camera (possibly because the fiducial measurements for this camera were insufficient).  A significant by-product of our processing of the LO data is improved positional and camera pointing data for mosaic images; these data are stored as table files in the ‘EXTRAS’ directory of this archive, see XXX).  These allow map projection of LO data and facilitate simple registration and comparison with numerous other digital data for the Moon.

2. Geodetic Control

An important aspect of cartographic processing of the LO digital data involves ‘controlling’ the frames, or tying features within a frame to known positions on the lunar surface.  This geodetic control was required for (1) regional and global mosaic production, (2) geodetic processing so that frames could be (a) tied to each other and (b) tied to the Unified Lunar Coordinate Network (ULCN) 2005 [Archinal et al., 2006], and (3) map projection onto the latest topographic model for the Moon for highest positional accuracy.  Because of the digital nature of the LO global mosaic, geometric warping and/or updates to control are possible as new networks become available.

The near side LO control point network consists of XXXXX feature-referenced tie-points measured in areas of overlap across adjacent LO-IV HR frames (does this need to be illustrated?). In addition to this LO-to-LO network, a distributed number (XXXXX) of measurements were added to tie the LO frames to the ULCN 2005 [Archinal et al., 2006]. The ULCN 2005 points supply the latitude, longitude and elevation coordinates which are held fixed as ground truth within iterative photogrammetric triangulation calculations or ‘bundle-block’ adjustments of position.  The results of each iterative bundle-block adjustment based on these collected points and the improvements made to the LO camera models were determined to be stable, and so the LO-to-LO control points were integrated into the next generation refinement of the unified lunar control network [ref]. 

Because LO constructed frame mosaics are tied to the ULCN 2005, the LO control network is in the Mean Earth/polar axis (ME) coordinate system. The orientation of the Moon at the epochs of the LO images was obtained from the JPL DE403 ephemeris rotated to the ME system. The ME system has been used in the past for nearly all lunar cartographic products and continues to be recommended for such use [Davies and Colvin, 2000; Seidelmann et al., 2005].

3. Construction of the Global Mosaic

The final component of the cartographic processing of the LO data with global coverage was construction of the global mosaic, using the highest quality positional and topographic information available [Becker et al., 2008].  The near side mosaic extending to both poles was constructed from 117 LO IV HR frames and the far side mosaics were constructed from XX LO-III, LO-V, and LO-IV frames; the combined mosaics were geodetically controlled to the ULCN 2005 [Archinal et al., 2006].  A tiling scheme for the global mosaic was developed in which the data are projected at 512 pixels/degree (~59 m/pixel), with the mosaic divided into 24 map tiles with 45 degrees on each side.  The size of each tile is 507 MB (equatorial) and 716 MB (at the poles) in the Equirectangular Projection (see Figure 12 in /extras/document/LO_DigFilmArchive_Figures.pdf). This derived global mosaic is provided in ISIS2 format within the /extras/global_mosaic directory tree. Additionally, reduced resolution versions are provided (256, 128, 64, 16, 4, and 2 pxl/deg).
4. Very High Resolution Data
In late 2004 and early 2005, as scanning for the global effort scaled back (with frame construction well underway, a selected subset of the very high-resolution (VHR) data acquired by LO missions III and V [Hansen, 1970] were scanned and processed [Weller et al., 2006, 2007].  Coverage of the Moon by LO-III and –V at VHR resolutions was primarily of the near side equatorial region, with unmatched images of features such as Copernicus crater (see Figures 13 and 14 in /extras/document/LO_DigFilmArchive_Figures.pdf). Ground resolutions for these VHR data range from 1 to 5 meters/pixel for the HR camera and 10 to 40 meters/pixel for the MR camera.  In total, ~200 frames or ~25% of the VHR LO III and IV data were scanned and assembled for the VHR coverage.  The VHR frames were selected for digitization by a scientific and cartographic review board on the basis of image quality and scientific utility.

As with the global project, constructed VHR frame mosaics are made available online at 100 micron resolution (see http://astrogeology.usgs.gov/Projects/LunarOrbiterDigitization/statusmaps_veryhigh.html).  In addition to raw film strips and constructed mosaics, two versions of cosmetically enhanced frames were created for the VHR data.  Processing for the "nodash" products removed or minimized the white synchronization read-out dashes found along the margins of the filmstrips where possible. Smoothing filters were also applied to these frames to reduce the effects of film grain. Processing for the second or "cosmo" products reduced the horizontal striping noticeable in most frames.

Very high resolution LO data were geometrically controlled such that all overlapping frames falling within the same geographic location (or photographed site) coregister with one another. Tie points were collected between the VHR data and the LO-IV global frames with which they overlap. The result of this work was production of XXX VHR map-projected frames that were coregistered to the LO global mosaic and tied to the ULCN 2005. 

5. Map-Projected Frame Mosaics
In addition to the completed global mosaic comprised of cartographically processed and controlled Lunar Orbiter frame mosaics, individual map-projected and cosmetically processed (‘no-dashed’ and destriped) versions of the global medium (~200-1000 m), high (~40-200 m) and very high resolution (VHR, 1-40 m) LO frames are included in this archive [Gaddis et al., 2009].  Although the global mosaic is valuable as a controlled map base for scientific research and uses such as targeting for recent and future lunar missions, it is also important to be able to examine individual frames of the mosaic, especially in areas where multiple images overlap. For example, LO frames of the South Pole can be examined individually to identify sites where solar illumination and local topography create desirable conditions for either solar energy collectors or cold traps.  The projected LO frames are complementary to multispectral lunar views such as those from Clementine [e.g., Eliason et al., 1999; Gaddis et al., 2007] and the Kaguya Multiband Imager [Ohtake et al., 2008].  As individual projected frames, these files can be readily retrieved and used for detailed analysis of LO coverage, illumination conditions, geologic analyses of potential landing sites, etc.  The LO data provide detailed views of the lunar surface that will also serve as temporal baselines for comparison to data to be acquired by other lunar orbiting instruments.
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4 – LUNAR COVERAGE SUMMARY

==========================

Summary (and maybe ‘extra’ figure showing footprints?) of LO spatial coverage of the Moon that is included in this archive.  Mention ‘gore’ in global mosaic.
VHR LO frames for XX sites were processed, including select data covering LO-V VHR sites V-48 (Aristarchus), V-43.2 (Gassendi), V-32 (Eratosthenes crater), V-35 (Copernicus secondaries), and V-15.1 (Dawes).
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5 - FILES, DIRECTORIES, AND ARCHIVE CONTENTS
============================================
This data collection also contains ancillary data files that support the LO digitized film archive.  These files include browse images stored in a Joint Photographic Experts Group (JPEG) format, index files (described further below) that tabulate the archive contents, and catalog files that describe the Lunar Orbiter missions and their objectives and operations (LOX_mission.cat), the spacecrafts used (LOX_insthost.cat), and the cameras used to acquire the photographic data archived here (LOX_inst.cat).  Improved photographic support data (including positional and pointing information for all LO photos in the global mosaic) have also been created and are part of this archive (see XXX.txt). This volinfo.txt file summarizes these components at a high level and emphasizes the processing required to create the archive products.  The reader is referred to the catalog files and their cited references for more information.
Files within this archive are organized starting at the root or 'parent' directory. Below the parent directory is a directory tree containing data, documentation, and index files. In the table below directory names are indicated by brackets (<...>), UPPER-CASE letters indicate an actual directory or file name, and lower-case letters indicate the general form of a set of directory or file names.

DIRECTORY/FILE          CONTENTS/DESCRIPTION

-------------------     ------------------------------------------

<root>                  LO3_0001 or LO4_0001 or LO5_0001,

|                       then for each volume:

|

|-AAREADME.TXT          The file you are reading (ASCII Text).

|

|-ERRATA.TXT            Description of known anomalies and errors

|                       present within the archive (optional file).

|

|-VOLDESC.CAT           A description of the contents of this archive in a

|                       format readable by both humans and computers.

|

|-<CATALOG>             Catalog Directory

|  |

|  |-CATINFO.TXT        Describes Contents of the Catalog directory

|  |

|  |-DATASET.CAT        Lunar Orbiter archive description

|  |

|  |-INSTHOST.CAT       Lunar Orbiter Spacecraft description

|  |

|  |-MISSION.CAT        Lunar Orbiter Mission description

|  |

|  |-PERSON.CAT         Contributors to the LO project and archive

|  |

|  |-REF.CAT            References for this archive

|  |

|  |-LO3INST.CAT        LO3 Camera description or

|  |-LO4INST.CAT        LO4 Camera description or

|  |-LO5INST.CAT        LO5 Camera description

|

|-<DOCUMENT>            Documentation Directory. The files in this

|  |                    directory provide detailed information

|  |                    regarding the LO archive.

|  |

|  |-DOCINFO.TXT        Description of files in the DOCUMENT directory.

|  |

|  |-VOLINFO.TXT        Documentation regarding the contents of this CD

|  |                    Volume Set.

|  |

|  |-VOLINFO.DOC        Miscrosoft Word format version of VOLINFO document.

|  |

|  |-VOLINFO.LBL        PDS Label file describing the VOLINFO documents.

|

|-<INDEX>               Directory for the image index files.

|  |

|  |-INDXINFO.TXT       Description of files in <INDEX> directory.

|  |

|  |-INDEX.TAB          Image Index table specific to each volume.

|  |

|  |-INDEX.LBL          PDS label for INDEX.TAB.

|

|-<CONSTRUCTED_FRAMES>  Data directory containing LO constructed frames.

|  |

|  |-<FRAME_xxx>        Frame directories where xxx = frame number

|     |

|     |-<PRIMARY>       Contains primary products.

|     |  |

|     |  |-fff_rrrr_RES.IMG where

|     |

|     |                   fff = frame number

|     |                  rrrr = MED (medium resolution)

|     |                       = HIGH (high resolution)

|     |

|     |-<COSMETIC>      Contains cosmetic versions of primary products.

|         |

|         |-fff_rrrr_RES_COSMETIC.IMG where

|

|                         fff = frame number

|                        rrrr = MED (medium resolution)

|                             = HIGH (high resolution)

|

|-<BROWSE>              Directory tree containing browse versions of

|  |                    LO constructed frames in JPEG form.

|  |

|  |- BROWINFO.TXT      Describes content of this directory.       

|  |

|  |-<CONSTRUCTED_FRAMES>

|     |

|     |-<FRAME_xxx>     Frame directories where xxx = frame number

|        |

|        |-<PRIMARY>    Contains primary browse products.

|        |  |

|        |  |-fff_rrrr_RES.JPG where

|        |

|        |                   fff = frame number

|        |                  rrrr = MED (medium resolution)

|        |                       = HIGH (high resolution)

|        |

|        |-<COSMETIC>   Contains cosmetic browse versions of primary products.

|           |

|           |-fff_rrrr_RES_COSMETIC.JPG where

|

|                         fff = frame number

|                        rrrr = MED (medium resolution)

|                             = HIGH (high resolution)

|

|-<EXTRAS>               Contains LO scanned strips and other products in

   |                     support of this archive but not intended to conform

   |                     to PDS standards.

   |

   |-<SCANNED_STRIPS>

   |  |

   |  |- README_LO_STRIPS.TXT  Describes content of this directory.

   |  |

   |  |-<HIGH_RESOLUTION>

   |  |  |

   |  |  |-<FRAME_xxx>        Frame directories where xxx = frame number.

   |  |                       See README_LO_STRIPS.TXT above for more info.

   |  |

   |  |-<MEDIUM_RESOLUTION>

   |     |

   |     |-<FRAME_xxx>        Frame directories where xxx = frame number.

   |                          See README_LO_STRIPS.TXT above for more info.

   |

   |-<ANCILLARY_INFO>

   |  |

   |  |-LO_LDD.TXT             PDS local data dictionary for LO.

   |  |

   |  |-LO_RAW_SPICE_INFO.FLAT Comprehensive SPICE information for LO frames

   |

   |-<GLOBAL_MOSAIC>

   |  |

   |  |-GLOBAL_README.TXT     LO3 and LO4 volumes only - Text file directing

   |  |                       users to volume LO5_0001 which contains the

   |  |                       LO global mosaic.

   |  |

   |  |-<MOON_LO_xxx>         LO5 Volume only. Directories containing ISIS

   |                          format global mosaic files at varying

   |                          resolutions, where

   |

   |                              xxx = resolution (pxl/deg)

   |

   |-<GEO_JPEG2000>

   |  |

   |  |-<LO3>                 Directories containing Geo-referenced

   |  |-<LO4>                 JPEG2000 images for LO projected frames.

   |  |-<LO5>

   |

   |-<DOCUMENT_EXTRAS>        Contains various documents relevant to

                              products and information provided within

                              the 'extras' directory within this archive.
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6 - IMAGE FILE ORGANIZATION

===========================

The constructed frame image files are stored in a PDS compliant format. An image file contains a label area (header) at the beginning of the file followed by the image data. The image label area contains ASCII text data that describe, in Object Definition Language (ODL) syntax, the image file structure (see Image Labels section below). The label area can be viewed with a simple ASCII editor on most computer systems.
A. Image Labels

Below is an example of a PDS-formatted label file.
PDS_VERSION_ID                          = PDS3

/*          FILE FORMAT AND LENGTH */

RECORD_TYPE                             = FIXED_LENGTH

RECORD_BYTES                            = 11800

FILE_RECORDS                            = 8751

LABEL_RECORDS                           = 1

INTERCHANGE_FORMAT                      = BINARY

/*          POINTERS TO START RECORDS OF OBJECTS IN FILE */

^IMAGE                                  = 2

/*          IMAGE DESCRIPTION */

DATA_SET_ID                             = "LO-L-LO3/4/5-4-CDR-V1.0"

PRODUCT_ID                              = "3133_HIGH_RES_1"

ORIGINAL_PRODUCT_ID                     = "3133H"

PRODUCT_TYPE                            = CDR

MISSION_NAME                            = "LUNAR ORBITER"

SPACECRAFT_NAME                         = LUNAR_ORBITER_3

INSTRUMENT_NAME                         = "24_INCH_FOCAL_LENGTH_CAMERA"

INSTRUMENT_ID                           = "24INCH_FLC"

TARGET_NAME                             = "MOON"

START_TIME                              = 1967-02-20T08:14:28.610

IMAGE_NUMBER                            = ("313312921", "313312930",

                                            ...

                                           "313313220", "313313230")

FRAME_NUMBER                            = 3133

LO:FILMSTRIP_SCAN_CREATION_DATE         = 2003-12-04T10:09:41

LO:FILMSTRIP_SCAN_RESOLUTION            = 25 <micron>

LO:FILMSTRIP_SCAN_PROCESSING_RESOLUTION = 50 <micron>

LO:FIDUCIAL_ID                          = (1b, ... , 283b)

LO:FIDUCIAL_SAMPLES                     = (32162.000 <pixels>,

                                           ... 

                                           1248.000 <pixels>)

LO:FIDUCIAL_LINES                       = (8510.000 <pixels>,

                                           ...

                                           8496.000 <pixels>)

LO:FIDUCIAL_COORDINATE_MICRON           = 50 <um>

LO:FIDUCIAL_X_COORDINATES               = (-108.168 <mm>,

                                           ...

                                           106.844 <mm>)

LO:FIDUCIAL_Y_COORDINATES               = (27.476 <mm>,

                                           ...

                                           27.479 <mm>)

PRODUCER_INSTITUTION_NAME               = "U.S. GEOLOGICAL SURVEY"

PRODUCT_CREATION_TIME                   = 2010-02-25T01:09:16

NOTE                                    = "LO3 constructed frame 133.

                                           High resolution 1 of 3."

/*          DESCRIPTION OF OBJECTS CONTAINED IN FILE */

OBJECT = IMAGE

  LINES                      = 8750

  LINE_SAMPLES               = 11800

  SAMPLE_TYPE                = MSB_UNSIGNED_INTEGER

  SAMPLE_BITS                = 8

  SAMPLE_BIT_MASK            = 2#11111111#

  MINIMUM                    = 4.0

  MAXIMUM                    = 252.0

  CORE_NULL                  = 0

  CORE_LOW_REPR_SATURATION   = 1

  CORE_LOW_INSTR_SATURATION  = 1

  CORE_HIGH_REPR_SATURATION  = 255

  CORE_HIGH_INSTR_SATURATION = 255

END_OBJECT = IMAGE

END
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7 - INDEX FILES

===============
The text below is from the Clem NIR volinfo and must be replaced as needed.
Each DVD volume in the Clementine NIR mosaic contains an image index file ('index.tab') with catalog information specific to each volume. A cumulative index file ('cumindex.tab') is also provided. It contains entries for the entire NIR DVD collection. The image index files and their associated PDS label files ('index.lbl' and 'cumindex.lbl') are located in the 'index' directory. The catalog information in the index table includes the file names, DVD volumes, and mapping parameter information. For more information on the contents of the index files refer to the label files.
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APPENDIX A - KEYWORD ASSIGNMENTS
PDS_VERSION_ID      = PDS3

This dataset conforms to version 3 of the PDS standards.

RECORD_TYPE         = FIXED_LENGTH
Defines the record structure of the file as fixed-length record files.

RECORD_BYTES        = 11800

Record length in bytes for fixed-length records.

Equals number of samples since data values are 8-bit (one byte per sample).

FILE_RECORDS        = 8751
Total number of fixed-length records contained in the file.

LABEL_RECORDS       = 1

Number of fixed-length label records in the file.
INTERCHANGE_FORMAT  = BINARY

Data are organized as BINARY values.
^IMAGE               = 2
Pointer to the first record that contains image data

(The first record in the file is designated as record 1).

DATA_SET_ID          = "LO-L-LO3/4/5-4-CDR-V1.0"
The PDS defined dataset identifier for the

Lunar Orbiter Digitized Film Archive.

PRODUCT_ID           = "3133_HIGH_RES_1"

Unique product identifier for the image file. For this archive, the value matches the file name prefix. The file naming form is described in the "FILES, DIRECTORIES, AND DISK CONTENTS" section above.

ORIGINAL_PRODUCT_ID  = "3133H"
Provides the temporary product identifier that was assigned to the product during active project and processing operations. This was eventually replaced by a permanent id (see PRODUCT_ID above).

PRODUCT_TYPE         = CDR
Identifies the product as a "Calibrated Data Record" (CDR).
MISSION_NAME         = "LUNAR ORBITER"

Identifies the Mission associated with the products.

SPACECRAFT_NAME      = LUNAR_ORBITER_3
Name of the spacecraft that acquired the data (LUNAR_ORBITER_3, 4, or 5).

INSTRUMENT_NAME      = "24_INCH_FOCAL_LENGTH_CAMERA"
Name of the instrument that acquired the image data.
24_INCH_FOCAL_LENGTH_CAMERA or 80_MM_FOCAL_LENGTH_CAMERA

INSTRUMENT_ID        = "24INCH_FLC"

Abbreviated identification for INSTRUMENT_NAME.

24INCH_FLC or 80MM_FLC

TARGET_NAME          = "MOON"

Data product target.

START_TIME           = 1967-02-20T08:14:28.610

Provides the date and time of the beginning of the event or observation (UTC). Formation rule: YYYY-MM-DDThh:mm:ss[.fff]. 

IMAGE_NUMBER         = ("313312921", "313312930",

                        ...

                        "313313220", "313313230")

Lists Lunar Orbiter strip numbers associated with the archived constructed frame product.
FRAME_NUMBER         = Nnnn [add keyword to LO: LDD?]
Identifies the Lunar Orbiter frame number.
Where N   = 3,4, or 5 (Lunar Orbiter spacecraft number)

      nnn = frame number
PRODUCER_INSTITUTION_NAME = "U.S. GEOLOGICAL SURVEY"
Identifies the producer organization of the data product.

PRODUCT_CREATION_TIME     = 2010-02-25T01:09:16
Time at which the archive product was produced.

NOTE                      = "LO3 constructed frame 133.

                             High resolution 1 of 3."

Note providing brief description of the product.
LINES                      = 8750

Number of lines (rows) in image array (8750 for all LO constructed frames within this archive).

LINE_SAMPLES               = 11800

Number of samples (columns) in image array (11800 for all LO constructed frames within this archive).

SAMPLE_TYPE                = MSB_UNSIGNED_INTEGER

Data are stored in "Most Significant Byte" order, unsigned (8-bit) integer format.

SAMPLE_BITS                = 8

There are 8 bits per sample (1 byte).

SAMPLE_BIT_MASK            = 2#11111111#

Indicates all 8 bits are used in the expression of the value.

MINIMUM                    = 4.0

Minimum value in image array (excluding SATURATION values below).

MAXIMUM                    = 252.0

Maximum value in image array (excluding SATURATION values below).

CORE_NULL                  = 0
CORE_LOW_REPR_SATURATION   = 1
CORE_LOW_INSTR_SATURATION  = 1

CORE_HIGH_REPR_SATURATION  = 255

CORE_HIGH_INSTR_SATURATION = 255

Indicates NULL and SATURATION values used within the image object.
[Chris ... to remove "CORE" from keyword, or add existing/valid CORE... keywords to PDS image object within DD]

Lunar Orbiter specific (LO local data dictionary) elements.

LO:FILMSTRIP_SCAN_CREATION_DATE         = 2003-12-04T10:09:41
The date when an existing LO filmstrip was scanned on a flatbed image scanner for creation of images for eventual inclusion within this archive.

LO:FILMSTRIP_SCAN_RESOLUTION            = 25 <micron>

Flatbed scanner capture resolution setting at time of filmstrip scan (e.g. 25 <micron>).

LO:FILMSTRIP_SCAN_PROCESSING_RESOLUTION = 50 <micron>

Resolution of scanned image product during processing (e.g. 50 <micron>). Possibly at reduced resolution relative to FILMSTRIP_SCAN_RESOLUTION.

LO:FIDUCIAL_ID                          = (1b, ... , 283b)

The identifier for the nominal 'sawtooth' fiducial locations measured on the mosaicked frame. Fiducial marks are designed as right triangles having 45 deg acute angles and were placed in spaced intervals across the top and bottom edges of the camera frame.  The basic frame of reference for each Lunar Orbiter camera is the series of these fiducial marks.  A number of fiducials are measured at the corner intersections with the frame edge.  Fiducials are numbered across with the odd numbers on the bottom and even numbers on the top (along the film edge data).  Fiducial Ids for the top of a frame start with 2a, 2b, 4a, 4b, etc. up to 286a, 286 b for the high resolution camera and up to 84a, and 84b for the medium resolution camera.  Fiducial Ids for the bottom of a frame start with 1a, 1b, 3a, 3b, up to 285a, 285b for the high resolution camera and up to 83a and 83b for the medium resolution camera.  The letter 'a' in the identifier is used to designate the 90 deg corner (right angle) of a fiducial and the letter 'b' designates the 45 deg corner (base angle). Only measured fiducials are listed under this keyword [19XX].
LO:FIDUCIAL_SAMPLES                     = (32162.000 <pixels>,

                                           ... 

                                           1248.000 <pixels>)

The sample (column or x) positions of measured fiducial marks at the intersection of the edge of a mosaicked frame.  For the high resolution camera, this coordinate is computed in reference to the full frame based on the fiducials coordinates measured on each sub-frame [19XX].

LO:FIDUCIAL_LINES                       = (8510.000 <pixels>,

                                           ...

                                           8496.000 <pixels>)
The line (row or y) positions of measured fiducial marks at the intersection of the edge of a mosaicked frame. For the high resolution camera, this coordinate is computed in reference to the full frame based on the fiducials coordinates measured on each sub-frame [19XX].

LO:FIDUCIAL_COORDINATE_MICRON           = 50 <um>
The micron resolution of the mosaicked frame on which the fiducial mark positions are measured.  The film strip data was scanned at 25-microns and later scaled down by a factor of two during processing to construct into a 50-micron frame [19XX].

LO:FIDUCIAL_X_COORDINATES               = (-108.168 <mm>,

                                           ...

                                           106.844 <mm>)

The nominal millimeter (mm) x coordinates for the fiducials measured on the mosaicked frame.  For the high resolution camera, this coordinate is computed in reference to the full frame based on the fiducials coordinates measured on each sub-frame.  The nominal positions are documented in the Camera Calibration Report for each mission and camera [19XX].

LO:FIDUCIAL_Y_COORDINATES               = (27.476 <mm>,

                                           ...

                                           27.479 <mm>)
The nominal millimeter (mm) y coordinates for the fiducials measured on the mosaicked frame. For the high resolution camera, this coordinate is computed in reference to the full frame based on the fiducials coordinates measured on each sub-frame.  The nominal positions are documented in the Camera Calibration Report for each mission and camera [19XX].

LO:BORESIGHT_SAMPLE                     = 5404.707

The sample (column or x) position of x=0.0, y=0.0 in the medium resolution camera focal plane.  This keyword only pertains to medium camera observations that did not expose the fiducial marks that exist at the top and bottom edges of the camera frame.  Sufficient measurable fiducials were often available in the medium resolution frames, but an alternate method for establishing a reference frame for the medium frames without exposed fiducials was established by 'piggy-backing' to the simultaneously exposed high resolution camera frame. This position is calculated from the high resolution fiducial center measured and a known offset listed in the Camera Calibration Reports for the Lunar Orbiters [19XX]. The boresight position is needed for accurate geometric rectification of frames and for defining the point of symmetry for correcting radial distortion in the images.

LO:BORESIGHT_LINE                       = 4560.298
The line (row or y) position of x=0.0, y=0.0 in the medium resolution camera focal plane.  This keyword only pertains to medium camera observations that did not expose the fiducial marks that exist at the top and bottom edges of the camera frame.  Sufficient measurable fiducials were often available in the medium resolution frames, but an alternate method for establishing a reference frame for the medium frames without exposed fiducials was established by 'piggy-backing' to the simultaneously exposed high resolution camera frame.  This position is calculated from the high resolution fiducial center measured and a known offset listed in the Camera Calibration Reports for the Lunar Orbiters [19XX]. The boresight position is needed for accurate geometric rectification of frames and for defining the point of symmetry for correcting radial distortion in the images.
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