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1. Introduction

1.1
Purpose

This document presents an overview of the functionality and use of the Lunar Lighting software within the Lunar Mapping and Modeling Project and provides an outline of the software.  Section 2 describes the models and algorithms; Section 3 shows how to use the LMMP Web Portal to invoke the Lighting tool; Section 4 documents the outputs; Section 5 presents the detailed input for off-line use; and Section 6 provides more details of the algorithm.  Programmer’s notes appear in Section 7.
1.2
Reference Documents
1) “JPL Support To Lunar Mapping and Modeling Project (LMMP) JPL Detailed Implementation Plan,” NASA Marshall Space Flight Center, Task Plan 19–13182, February 2010
2)  Robert C. Tausworthe, Solar and Earthshine Irradiation at Locations on Lunar Surface, SGT, Inc. (Greenbelt, MD), 2009
3)  Hapke, B., Theory of Reflectance and Emittance Spectroscopy, Cambridge University Press, 2005
4)  Kennelly, E. J., Price, S. D., Kraemer, K. E., and Aschbrenner, R., “Calibration against the Moon. I. A disk-resolved lunar model for absolute reflectance calibration,” Icarus 210, 14–36, 2010

5)  Balaram, J., Serrano, N., Myint, S., and Pomerantz, M., “LSOS Lighting Models Report,” LSOS Project, March 20, 2009

6)  Rogers, D. F., and Adams, J. A., Mathematical Elements for Computer Graphics, 2nd Edition, McGraw–Hill, 1990
7)  http://www.povray.org/documentation/
2.
Program Description
The Lunar Lighting software is a geometrical and an irradiant model of the solar lighting on the surface of the moon.  The Earth is modeled as a realistic source of reflected light and an obstructing body for those geometries where the solar irradiance is occulted by the Earth from the perspective of the lunar surface (a lunar eclipse, as viewed by an Earth observer).  The model uses the ephemeris positions and the accepted sizes and orientations of the Sun, Moon and Earth, as a function of time.  The NAIF/Spice toolkit is integrated into this software.
The software models the direct and reflected/scattered light by invoking the commercial ray tracing software POV-Ray (Section 5).  This is a fully physics-based model of incident and diffusely reflected light from a spherical light source (the Sun), which allows for accurate resolving of the quantitative nature of the lunar incident and reflected irradiance.

The digital elevation map (DEM) for each run is usually dynamically created for a given bounding box of interest on the lunar surface.  The generation of this “plate file” is a multi-step process that invokes a series of Geospatial Data Abstraction Library (GDAL) tools to transform the given input JPEG2000 or TIFF file into the format required by the conventions inherent in the design of the Lighting tool.  Specifically, the program “gdalwarp” is first invoked to guarantee that the input DEM is transformed into the desired IAU 2000 lunar-fixed frame.  Second, the program “gdal_translate” is invoked (perhaps multiple times, if logic dictates) to create the subset of the DEM that simply contains the desired bounding box. Optionally, an input plate file can also be provided, if one has already been created for a given surface patch of the lunar surface.
The present version of the tool necessarily requires the ray tracer to perform the irradiance calculations for every triangular plate of the surface.  The plate files are constituted by a series of ordered node vectors, where each node vector is a position from the center of the moon to a point on the surface that go across first in longitude and then in latitude.  Groupings of these nodes into triangular mesh plates are then derived, progressing down columns of the data, thereby constructing swaths of plates in a given strip of longitude, heading from north to south in latitude, going to the next incremental position in longitude, and then progressing down these 2nd through nth columns of longitude until the entire map is converted into these ordered plates.  The plate files therefore contain indices for the purpose of numbering the node vectors, and groups of three indices in the next part of the file are used to describe how the plates are constructed from these nodes.
Prior to initiating the lighting calculations at a given requested series of times (a start and end time, together with a time increment), certain algorithmic steps are taken to complete the initialization of the data structure that contains the necessary geometrical features that must be exactly known for each tile (triangle) of the mesh that represents the contiguous domain of the topological patch of the lunar surface.  The surface normals for each triangle are derived by traversing the linked list of nodes and plates for the entire map, and taking the appropriate vector cross-products.  In addition, during that data traversal, the geometrical center of each plate is derived and stored in the data structure.  These data are critical to obtain for the algorithms that follow within the software.  An estimation is derived as to the centroid of the entire DEM, so that other certain coordinate system transformations can be routinely applied over the course of the simulation, to enable effective lunar fixed to topocentric and topocentric to screen reference transformations of the vector mesh contents.
At the beginning of the time loop, updates are calculated via NAIF/Spice calls to obtain the current Moon-to-Sun and Earth-to-Sun vectors in the J2000 reference frame.  The exact distance from the Sun to the Moon at each time step is used directly in deriving the current value of solar irradiance at the lunar distance from the Sun (equation 4 in reference 2, for instance).  Further, the code will derive a substitute initial solar irradiance for each plate, based on the angle between the surface normal and the Sun, but that data is no longer exposed to the user in output, since the overall function for this has been superseded and enhanced by the presence of the subsequent steps that perform the ray tracing (this substitute for the approximate reality of the lighting is used however when the PERCENT_SOLAR_LIT  option is exercised for a quick non-raytraced – non-timing-intensive – method for obtaining some initial estimate of the current lighting conditions for a given input DEM).
This simple model accounts for the angular radius of the Sun and whether some fraction of the Sun is below the horizon of a “flat” lunar surface, in order to diminish the older substitute value of the initial solar irradiance computed (also not directly exposed any longer to the user, since superseded by the actions and purpose of the POV-Ray steps).

In a similar manner, the Earth is modeled relative to the lunar surface DEM and the sun in order to get placeholder values for the lighting exposure of the earthshine on all mesh plates of the DEM.  In this way, the investigatory function of PERCENT_EARTH_LIT can be exercised to see approximately how large of a percentage of the given DEM is visible at any given time to any portion of the Earth’s disk, irrespective in this simplistic case of whether there is a mountain obstructing the view from a given mesh triangle.
At every time increment in which the program calculates the initial estimates of the lighting/irradiance conditions across the surface of the input DEM, a more thorough and complete incident and reflected modeling is accomplished via invocation of the POV-Ray ray tracer interface.  The linked-list of surface properties of the mesh (center of each plate, surface normal…), the vectors to the Sun and Earth and additional ancillary data are combined for input to this ray tracer.  The coordinates of the mesh are necessarily transformed first to a topocentric frame from a lunar fixed frame and then to a screen reference coordinate frame appropriate for the frame conventions dictated by the POV-Ray software.  The interface “write_pov_New_file” writes two different input files for POV-Ray’s use, since the ray tracer is run twice at each time increment.  The first invocation of POV-Ray is for the purposes of rendering a representative image of the lighted scene, with the ultimate creation of a *.png output file for later display.  The second POV-Ray input file contains “texture” information of each contiguously unique plate that requires a texture that is not exactly the same as its adjacent one.  That is, to cut down on the overall size of this rather huge file, a texture that is numerically equivalent to its nearest neighbor will not be transcribed into this file.  However, despite this small attempt to limit somewhat the size of this file, it can still be very large in some cases.  The result of running POV-Ray a second time will be to create a matrix of data points that are in one-to-one correspondence with the array of mesh triangles within the simulated topography patch of the lunar surface.  The output graphic will be suppressed for this second run, but a *.ppm file will be output to convey the Red-Green-Blue (RGB) values for the given ordered plate’s intrinsic brightness, relative to a scale from zero to 216 − 1.  A subsequent processing step constructs a *.map file to convey the set of longitude/latitude/irradiance values for overlay onto the web portal.  The latitudes and longitudes are in degrees and the irradiance value is in watts/m2.  The options TOTAL_IRRADIANCE_MAP and   SOLAR_IRRADIANCE_MAP_AT_POSITION_HEIGHT will have these irradiances as the post-processed estimates of the incident values.  The option TOTAL_IRRADIANCE_BIDIRECT_MAP will have a resultant estimate of the reflected radiance values, also in watts per square-meter.  The option TOTAL_PERCENTAGE_MAP will be a gathering of a different sort of data into this similarly named *.map output file.  This will be longitude/latitude/percentage, where the percentage value is numerically the percent of time that each of these respective plate positions can see the sun, based only on that number of discrete time increments where the POV-Ray calculations are done.  That is, this percentage will only be numerically meaningful if some significant number of time points are simulated, which will therefore potentially require some very long execution times from start to finish.  The next section will elaborate further on these run mode options and some other details of running the software outside the web portal environment.
Earthshine is not quantified within the highest fidelity output products of this model, even though it exists in some intermediate calculations internal to the algorithms.  The 16-bit output of the lighting tool simply does not provide sufficient dynamic range to discern the earthshine as a contributing overall factor to the total irradiance experienced by any given position on the modeled surface.  Earthshine irradiance could be considered for a final output product in some future incarnation of this model.  For the Solar and Total irradiance modes of running the software, the tool provides a series of output products that allow both visualization of the lighting and a file containing irradiance values for every modeled triangular plate of the surface.  The Solar irradiance at a given height above the lunar surface at a chosen latitude/longitude position can also be conveyed with a particular choice of input option, where output can then be obtained for both the irradiance at that position and for the total surrounding digital elevation map or DEM, as alluded to previously.

3.
The Web Portal Interface

Most users will invoke the Lighting Tool through the interface provided by the LMMP Portal:

· Log on to the LMMP website.

· Left-click on the BROWSE tab.

· Left-click on the blue thumbtack [image: image1.png]


 to bring up the Markers menu.
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· Left-click on the blue square icon. [image: image3.png]



· Depress the left mouse button and drag to select the desired rectangular region.

[image: image4.png]



The region will remain highlighted when the button is released. 
· Left-click within the highlighted region to bring up the tool selection menu.
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· Select the Lighting Tool option.  This will bring up a popup menu: [image: image6.png]Surface Lighting Tool
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· The latitude and longitude limits of the highlighted region appear at the top of the popup menu.  These may be edited if necessary.

· Use the calendar icons to select the start and end dates.

· Type in the start and end hour, minute and second, or use the up and down arrows instead.  Note that the start and end times are in UTC.

· Select the time increment and its units.  The Lighting Tool is currently limited to 25 different times; this means that the difference between the start and end times must be no more than 24 times the increment.

· Select the “mesh” size or resolution of the output lighting map.  We suggest a size that will produce no more than a thousand points on a side.  If the region is 1 degree on a side, the mesh size should be no less than 30 meters.  Note that the default value is 1 meter, which would be appropriate if the selected region is about 0.03 degree on a side.
· The “Earth Shine” parameter is the effective albedo of the Earth.  The default value is 39%.
· The “Lighting Map Type” is a pulldown menu with five options:

· “Solar Irradiance Map” generates plots and a movie showing only the solar irradiance, including sunlight reflected from neighboring terrain, on the selected region at the specified times.  Earthshine and lunar eclipses are not modeled.
· “Total Irradiance Map” is like the above, but with Earthshine and lunar eclipses modeled.

· “Total Percentage Map” produces a false-color plot showing the percent of time each pixel is illuminated by any source.  As there can be no more than 25 different times, the results will have a granularity of 4%.
· “Solar Percentage Map” is like the above, but including only sunlight.
· “Solar Irradiance Map at Position Height” is like the first option, but the center pixel in the map is artificially elevated by the specified amount, and the orientation of its plate is made to be normal to the Sun.  In this way the tool produces the amount of solar irradiance on, say, solar panels that track the movement of the Sun.
· “Height above surface” is used only for the last option above.  

· Click the Terrain Reflection button to include reflected sunlight from surrounding terrain in the calculations.

· Click on Generate to begin the lighting run.

· While the lighting run is in progress, a horizontal “barber pole” will appear at the lower right corner of the web page, just to the left of a green check box. [image: image7.png]



· When the lighting run is complete, click on that green check box to bring up the job queue.
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· Click on a blue triangle to display the inputs, and click on a green “Show Result” button to see a list of output files.  Double-click on the filenames to display the contents.
4.
Tool Output

Files produced by the Lighting Tool can be accessed from the Portal, as described above, or directly from the user’s Private directory on webdav.  In the latter case they appear in a subdirectory whose name includes the date and time of the run.

4.1
Irradiance Maps and Movies

For run mode “Solar Irradiance Map” the output files appear in the Results popup under these names:
· AnimatedImage, a movie that cycles through the simulated images (described next) generated by the Tool.  The actual file name is ANIMATE.gif.

· SimulatedImage, the simulated image at the start time.  Images at subsequent times appear as “Simulated Image n” where n runs from 2 to 25. These simulated images are a perspective view, looking toward the east; north is to the left.  The actual file names are SOL_IRRAD_MP.yyyy-dddThh:mm:ss.sss.png where the date and time are those of the simulation, not the run time.  

· Intensity, a table giving the numerical value of the irradiance (watts/m2) at the center of each triangular plate at the start time.  The three columns of the table are east longitude (degrees), latitude (degrees), and irradiance.  Tables at subsequent times appear as “Intensity n” as above.  The actual file names are SOL_IRRAD_MP.yyyy-dddThh:mm:ss.sss.pov.map with the date and time as above.
· AnnotatedIntensityPlot, the simulated image at the start time displayed as a false-color rectangular plot of latitude vs. longitude.  A color scale appears on the right.  Plots at subsequent times appear as “AnnotatedIntensityPlot n” as above.  The actual file names are SOL_IRRAD_MP.yyyy-dddThh:mm:ss.sss.pov.map.aplot.png as above.

· IntensityPlot, as above but without the axis labels and color scale.  The actual file names are SOL_IRRAD_MP.yyyy-dddThh:mm:ss.sss.pov.map.iplot.png as above.

· GeoTiffImage, the simulated image at the start time as a GeoTIFF file.  Files at subsequent times appear as “GeoTiffImage n” as above.  The actual file names are SOL_IRRAD_MP.yyyy-dddThh:mm:ss.sss.pov.map.tif as above.
· Log, the log file for the run.  The actual file name is log.txt.

For run mode “Total Irradiance Map” the outputs are similar, except that SOL at the start of the file names is replaced by TOT.

4.2
Percentage Maps
For run mode “Solar Percentage Map” the output files appear in the Results popup under these names:
· AnimatedImage, as in section 4.1 except that the actual file name is

· SimulatedImage and “SimulatedImage n,” as in section 4.1 except that the actual file name is SOL_PERC_PER.yyyy-dddThh:mm:ss.sss.png.
· Intensity, as in section 4.1 except that the third column is not the irradiance value but rather the percentage of the generated maps in which the plate in question is lit.  The values are between 0.0 and 100.0.  There is only one Intensity file, not n of them.  The actual file name is SOL_PERC_PER.yyyy-dddThh:mm:ss.sss.pov.map where the date stamp is the last date in the set.

· AnnotatedIntensityPlot, as in section 4.1 except that the plot shows the percentage of the generated maps in which the plate in question is lit and the scale goes from 0.0 to 100.0.  Again, there is only one file, not n of them, and the actual file name is SOL_PERC_PER.yyyy-dddThh:mm:ss.sss.aplot.png where again the date stamp is the last date in the set.
· IntensityPlot, as above but without the axis labels and color scale.  The actual file name is SOL_PERC_PER.yyyy-dddThh:mm:ss.sss.iplot.png as above.

· GeoTifImage, as in section 4.1 except that the plot shows the percentage of the generated maps in which the plate in question is lit and the scale goes from 0.0 to 100.0.  The actual file name is SOL_PERC_PER.yyyy-dddThh:mm:ss.sss.pov.map.tif.

· Log, the log file for the run.  The actual file name is log.txt.

For run mode “Total Percentage Map” the outputs are similar, except that SOL at the start of the file names is replaced by TOT.
4.3
Irradiance at Position Height
The files produced by run mode “Solar Irradiance at Position Height” are identical to those produced by modes “Solar Irradiance Map” except for the treatment of the center point of the mesh.  As described in section 5, the central plates are raised by the user-specified height from their original values, and then the plates are tilted to be normal to the sun.  Then the run continues as usual.
The desired numerical results are found in the middle of the various Intensity files.

The actual file names begin SOL_MP_HT_ instead of SOL_IRRAD_MP_.

5.
Detailed Tool Input
This section describes all the keywords and values used in setting up the input configuration file to the Lighting Tool.  The keywords and syntax in the configuration file are described within this section.  Usually the Portal will construct this file based on the user’s GUI input.
If any line starts with ‘#’ and some whitespace following, that line will be interpreted as a comment line for user documentation purposes only.  Similarly, a double slash in the middle of a line introduces a comment extending to the end of the line.
The configuration file comprises four blocks, each of which has the structure

 { block_name:
      contents

 }

The contents may have one of two forms:
 { keyword :
      value(s)
 }

with each value on a separate line, or
  variable1  value1

  variable2  value2

  . . .

  variableN valueN
without surrounding braces.  It is not necessary to enclose string values in quotes.
A sample file appears below.

{ LMMP-INPUT-FILES:

  { SPICE-EPHEMERIDES-FILES:

    /global/lmmpnfs/tomcat-6.0.24-apps-3/data/de403s.bsp

/global/lmmpnfs/tomcat-6.0.24-apps-3/data/Moon_Locations.BSP.v3

  }

  { SPICE-PHYSICAL-CONSTANTS-FILE:

    /global/lmmpnfs/tomcat-6.0.24-apps-3/data/Planetary_Orientations.PCK

  }

  { SPICE-LEAP-SECONDS-FILE:

    /global/lmmpnfs/tomcat-6.0.24-apps-3/data/leap_seconds_633216.tls

  }

}

{ LMMP-OUTPUT-FILES:    

  { LMMP-LOG-FILE:

    /global/lmmpnfs/tomcat-6.0.29-apps-3/webapps/data/lit/2011-12-07T09-39-48-60d9df95-0a3a-4707-b6ab-bac94ee30428/log.txt

  }

}

{ INITIAL-STATE:

  START-TIME                         2010-165T10:00:00.000    // epoch time constant 2010-165T10:00:00.000

  SIM-END-TIME                       2020-270T10:00:00.000    // epoch time constant 2020-270T10:00:00.000

  SIM-DELTA-TIME                     14400.0             // Time Increment

  EARTH-BOND-ALBEDO                  0.39                // Earth Shine

  MPLOT-FULL-PATHNAME                /global/lmmpnfs/tomcat-6.0.29-apps-3/webapps/data/lit/2011-12-07T09-39-48-60d9df95-0a3a-4707-b6ab-bac94ee30428/

}

{ RUN_TYPES:

  { RUN-MODE                       INPUT_DEM

    INTERVAL-START-TIME            2011-295T00:00:00.000

    INTERVAL-END-TIME              2011-299T00:00:00.000

    UPPER-LEFT-LAT                 28.969199999999997

    UPPER-LEFT-LONG                -71.8175

    LOWER-RIGHT-LAT                27.6708

    LOWER-RIGHT-LONG               -70.0006

    APOLLO-INPUT-FILE              /global/lmmpnfs/tomcat-6.0.29-apps-3/webapps/data/lit/2011-12-07T09-39-48-60d9df95-0a3a-4707-b6ab-bac94ee30428/mvzM_hwuTf_subset.dem

  }

  { RUN-MODE                     SOLAR_IRRADIANCE_MAP_AT_POSITION_HEIGHT

    INTERVAL-START-TIME          2011-295T00:00:00.000

    INTERVAL-END-TIME            2011-299T00:00:00.000

    CENTER-LAT                   28.32

    CENTER-LONG                  -70.90905000000001

    HEIGHT-ABOVE-SURFACE-METERS  30.0

    BIDIRECT_SINGLE_SCATTER_ALBEDO         0.7

    BIDIRECT_REFLECT_ANGULAR_SHADOW_WIDTH     0.16

    MAP-RESOLUTION-WIDTH                       1024

    MAP-RESOLUTION-HEIGHT                      768

    POVRAY-EXECUTABLE-PATH-AND-FILENAME     /global/lmmpnfs/povray/povray-3.6.1/bin/povray

    CREATE-MAP                   CREATION_OF_MAPS  

  }

}

5.1
Block LMMP-INPUT-FILES

This is the first input block.  It contains three subblocks:

Subblock SPICE-EPHEMERIDES-FILES provides the names of one or more ephemeris kernel files (extension .bsp).
Subblock SPICE-PHYSICAL-CONSTANTS-FILE provides the name of a planetary constants kernel (extension .pck).
Subblock SPICE-LEAP-SECONDS-FILE provides the name of a leap seconds kernel (extension .tls).
5.2
Block LMMP-OUTPUT-FILES

This block contains only one subblock, LMMP-LOG-FILE, to provide the name of the log file written by the lighting tool.
5.3
Block INITIAL-STATE
This block contains five variables:

START-TIME — arbitrary start time for transformation initialization.  This and other times are input in the ISO day-of-year format, for example 2012-366T12:00:00 for noon UTC on December 31, 2012.
SIM-END-TIME — arbitrary end time, no longer used.
SIM-DELTA-TIME — time increment in seconds between successive invocations of the lighting tool.
EARTH-BOND-ALBEDO — the Bond albedo of the Earth.  This is used to calculate the Earth’s irradiance at the lunar surface.  The effect is negligible if the lunar surface is sunlit.  Note that all Earth effects (including lunar eclipses) are turned off if PERCENT_EARTH_LIT is set to zero.
MPLOT-FULL-PATHNAME — the fully qualified Linux path (ending with a slash) for the directory to contain all output files.

5.4
Block RUN_TYPES

This block contains two subblocks which specify the mode of execution, the actual start and stop time, and other data.
The first subblock has eight variables:

RUN-MODE — must be set to INPUT_DEM
INTERVAL-START-TIME — the start time of the period of interest
INTERVAL-END-TIME — the end time for the period of interest
UPPER-LEFT-LAT — the northernmost latitude of the bounding box of interest
UPPER-LEFT-LONG — The westernmost longitude of the bounding box of interest
LOWER-RIGHT-LAT — The southernmost latitude of the bounding box of interest

LOWER-RIGHT-LONG — The easternmost longitude of the bounding box of interest.
APOLLO-INPUT-FILE or equivalently INPUT-DEM-FILE — the fully qualified pathname and file containing the DEM for the given run.

The tool also allows the two keywords UPPER-LEFT-LAT-LONG and LOWER-RIGHT-LAT-LONG.  These two keywords would be followed on the next line by the latitude and longitude, separated by whitespace.  The Portal, however, does not produce this format.

The second subblock contains these variables:

RUN-MODE — must be set to one of the following:
  TOTAL_IRRADIANCE_MAP
  SOLAR_IRRADIANCE_MAP
  TOTAL_PERCENTAGE_MAP
  SOLAR_PERCENTAGE_MAP

  SOLAR_IRRADIANCE_MAP_AT_POSITION_HEIGHT

  TOTAL_IRRADIANCE_BIDIRECT_MAP

  PERCENT_SOLAR_LIT

  PERCENT_EARTH_LIT

  PERCENT_SOLAR_AND_EARTH_LIT

These options are described further in Section 5.5.

INTERVAL-START-TIME — the start time of the period of interest
INTERVAL-END-TIME — the end time for the period of interest.  These two keywords duplicate the ones in the first subblock.

POVRAY-EXECUTABLE-PATH-AND-FILENAME — the fully qualified pathname and file of the POV-Ray executable
CREATE-MAP — a logical flag specifying whether maps are to be produced.  Allowable values are CREATION_OF_MAPS and NO_CREATION_OF_MAPS.  The latter is usually chosen only for run modes PERCENT_SOLAR_LIT, PERCENT_EARTH_LIT and PERCENT_SOLAR_AND_EARTH_LIT.

5.5
Description of RUN_MODE options

(1.)  TOTAL_IRRADIANCE_MAP

The total incident irradiance (watts/m2) is calculated across the surface area of the derived PLATE file, with values at each plate center derived and placed in an output *.map file at each time of interest.  A raytraced *.png file is first produced as a “notional” depiction of the relative incident lighting for each of these points in time.  A second POV-Ray run is made at each time increment to actually construct the map file of irradiances.  This run type option accounts for the Earth by accurately modeling its relative position and size relative to the Sun, thus allowing for diminishment of lighting during lunar eclipses.  The actual earthshine is imperceptible in this simulation, due to its intrinsic light being more than 50,000 less intense than the sun and therefore not being registered within the 32-bit value of the lighting algorithm that must account for a dynamic range of the solar intensity from zero to 216.

(2.)  SOLAR_IRRADIANCE_MAP 
Like the above, but excluding the Earth from the calculations.  This means not only that Earthshine will not be computed but also that lunar eclipses (when the Moon lies in the shadow of the Earth) will be ignored.
(3.)  TOTAL_PERCENTAGE_MAP 

 This run mode type is intended to determine the percentage of time that each plate in the map is illuminated by any part of the sun’s disk and produce a *.map output file of longitude/latitude versus percentage of time illuminated for each of these respective positions within the entire extent of the map over the input range of times.  This option takes into account whether the Earth is occulting the Sun at any given time.  The SOLAR_PERCENTAGE_MAP, below, does not model the Earth.  As with the TOTAL_IRRADIANCE_MAP, an initial raytraced *.png file is produced based on the first invocation of POV-Ray to create a “notional” depiction of the solar lighting at each time increment.  

(4.)   SOLAR_PERCENTAGE_MAP

This run mode type is intended to determine the percentage of time that each plate in the map is illuminated by any part of the sun’s disk and produce a *.map output file of longitude/latitude versus percentage of time illuminated for each of these respective positions within the entire extent of the map and over the input range of times.  This option ignores the Earth as a potential occulting body.  As with the TOTAL_IRRADIANCE_MAP, an initial raytraced *.png file is produced based on the first invocation of POV-Ray to create a “notional” depiction of the solar lighting at each time increment.  

(5.)  SOLAR_IRRADIANCE_MAP_AT_POSITION_HEIGHT

The total incident irradiance (watts/m2) is calculated across the surface area of the derived PLATE file, with values at each plate center derived and placed in an output *.map file at each time of interest.  An additional attribute of this run mode type is the specification of a given single latitude/longitude position and a height above the surrounding terrain in which to elevate a given surface area towards the instantaneous solar direction.  The solar incident irradiance is computed for this elevated position and its value is stored in a summary output file for each time increment.  A raytraced *.png file is first produced as a “notional” depiction of the relative incident lighting for each of these points in time.  A second POV-Ray run is made at each time increment to actually construct the map file of irradiances as for the TOTAL_IRRADIANCE_MAP option.  

This option requires that these three variables be added to the second subbatch within the batch RUN_TYPES:

CENTER-LAT — latitude of the desired position

CENTER-LONG — longitude of the desired position

HEIGHT-ABOVE-SURFACE-METERS — the distance (in meters) to elevate the position of the simulated solar-pointing platform at the position specified above.

(6.)  TOTAL_IRRADIANCE_BIDIRECT_MAP

The total reflected irradiance (watts/m2) is calculated across the surface area of the derived PLATE file, with values at each plate center derived and placed in an output *.map file at each time of interest.  A raytraced *.png file is first produced as a “notional” depiction of the relative  lighting for each of these points in time.  NOTE:  The notional raytraced image is once again not the most realistic image of the lighting, not the actual rendering that is used to calculate the more realistic irradiance values.  Rather, it is simply used once again as a feedback mechanism for the user, prior to visualization within a presumed web portal context.   A second POV-Ray run is made at each time increment to actually construct the map file of irradiances, representing in this case the approximated reflected irradiances from the lunar surface.  This run type option accounts for the Earth by accurately modeling its relative position and size relative to the Sun, thus allowing for diminishment of lighting during lunar eclipses.  

(7.)  PERCENT_SOLAR_LIT

This is the first of three options whose intent is to approximate the conditions that allow ascertaining the lighting on the given lunar DEM, as a function of time.  That is, the PERCENT_SOLAR_LIT option provides the non-ray-traced assessment of how much of the given surface area is illuminated at a given time, which does not take into account the whole issue of feature shading of surrounding terrain.  This option was constituted to provide the user with a quicker assessment of whether the given DEM is generally in sunlight or not over given intervals of time and by generally how much (percentage) its given total area is illuminated.  An output file, appropriately named, is provided with a  “plt” suffix, which can be made compatible with a plot package if desired.

(8.) PERCENT_EARTH_LIT

The intent of this option is similar to what is described above, but to ascertain a rapid assessment of what percentage of the DEM can see any portion of the Earth’s disk as a function of time.  The output is also an appropriately named “plt” file.

(9.)  PERCENT_SOLAR_AND_EARTH_LIT

The intent of this third option of a similar type, as described by the previous two, is to provide a quick assessment of what percentage of the given DEM can simultaneously have visibility to both the Sun and Earth.  Once again, the output is conveyed as a time history of percentages in the output *.plt file.                      




 

5.6
Other RUN_MODE inputs to override default values
BIDIRECT_SINGLE_SCATTER_ALBEDO — single particle scattering albedo of the lunar dust (default is 0.19).  Larger values produce higher reflectance values over the DEM.
BIDIRECT_REFLECT_ANGULAR_SHADOW_WIDTH — angular width of the shadow-hiding opposition surge (default is 0.06 degree).
BIDIRECT_REFLECT_SCATTER_AMPLITUDE — ratio of the light scattered from near the illuminated surface of the lunar particle to the total amount of light at zero phase (default is 1.0, per LSOS).
MAP-RESOLUTION-WIDTH — width of graphical display from POV-Ray (default 640; may use 1024).
MAP-RESOLUTION-HEIGHT — height of graphical display from POV-Ray (default 480; may use 768). 
6.
Selected Algorithmic Overviews

6.1
Reading and Processing the Input DEM
The basis of the skeletal structure of this software for input/output functionality originated from D.M.’s construction of the Cassini Ground System software for attitude control centric sequence simulation, where there were hundreds or thousands of sequential command events, all separated within an input framework by nested keyword/value pairs of information (thus the data within braces).  A “reader/parser” block of code sets these items into a linked-list data structure, which can then be sequenced down chronologically.  In this context, there were usually just two items in the linked list:  the creation of the DEM and then the instructions on how to perform the lighting analysis on that DEM.  Outside the web portal context, there could be multiple sets of these pairs of blocks that first create the DEM and then process lighting on the map.
Section 2 of this document introduces the topic of using “system” invocations of certain Geospatial Data Abstraction Library (GDAL) functions to generate an ASCII grid file of elevation “postings” for the regularly spaced angular data that provides for the description of the given surface.  The actual creation of the plate file from this set of grid points is done by using this data to generate the actual lunar center-to-surface vectors, and then using the regular accumulation of triplets of adjacent points to generate the triangular mesh that constitutes the plate file.  The header of this ASCII grid file, generated by the function “gdal_translate,” contains the following records (the numbers are an example):
    ncols   896
    nrows  1152

    xllcorner    77.5

    yllcorner    61.0

    cellsize      0.003906250

The number of columns and the number of rows specify the size of the data set that constitutes the original ‘bounding box’ encompassing the requested area at the requested resolution.  The variables xllcorner and yllcorner are the longitude and latitude, respectively, at the lower left corner of the grid—that is, the southernmost latitude and westernmost longitude.  The cellsize is the angular step in degrees between successive points.
The resultant vectors derived in the lunar fixed frame are numbered in row-major order beginning with 1 at the top left corner.  In this example, the top row would contain vectors 1 through 896, the second row 897 through 1792, and the last row 1031297 through 1032192.

The plates are defined by breaking each “square” of vectors into two triangles along the diagonal running from top left to lower right.  There are (ncols−1)(nrows−1) squares and twice as many triangles; in this example, 2060290 plates.  The plates are ordered down the columns, however, so the first plate in this example is described by the ordered triple {1, 897, 2} but the second plate is {2, 897, 898}.  The last plate in this example, number 2060290, uses vectors {1031296, 1032191, 1032192}.
6.2
Computing Total Irradiance Values
At each time increment for which lighting is to be determined, the Moon-to-Sun vector and the Earth-to-Sun vectors are determined.  At each time, the Lunar-Fixed to Inertial Frame transformation matrix is updated.  Over the entire range of plates comprising a given DEM, the given surface (plate) point to Sun vector is updated at each of these times.  Therefore, at a given time, all the following steps are subsequently performed:
· Transformation of each surface plate position to Sun vector from the Inertial frame to the Lunar-Fixed frame.

· Transformation of each of these vectors from the Lunar Fixed frame to the topocentric frame.

· Derivation of lunar incident irradiance value at each plate, initially calculated irrespective of any obstructions to the incoming solar vector direction, but simply dictated mathematically by the surface normal of the given plate.

· Determination of a reduced solar energy component indicative of some calculated fraction of the solar disk beneath the horizon.

· Determination of the Earthshine irradiance at each plate.
· Determination of the total solar and Earthshine irradiance at each plate.
6.3
Deriving the Screen Coordinate Frame for POV-Ray    
The routine “write_pov_New_file,” which builds the POV-Ray input files, creates new data structures to hold some eventually transformed copies of the lunar fixed plate position data.  The original lunar center-to-surface positions are vector subtracted with a chosen origin position for the DEM, in order to get surface-relative positions for all the plate positions, to began to accommodate the data set for a screen projection of a surface.  However, the next immediate step is to take this new linked-list set of surface-relative vectors and transform them from the lunar-fixed coordinate frame to a topocentric reference frame.  A −135° x-rotation is then applied to obtain a perspective for the POV-Ray convention of having the positive z-axis of the screen view frame point into the screen plane.  An additional flip of the y-axis polarity is then performed to accommodate the POV-Ray convention of having a left-handed-coordinate frame for the display reference.   The range of x, y and z extents is then ascertained to create additional necessary perspective for the view volume to be sensibly accommodated, factoring in an acceptable field-of-view for the resultant scene, which necessarily dictates some movement of the z coordinates further into the view volume.  The Sun and Earth vectors must also then be appropriately rotated and scaled in all these same ways as the grid of plates, to have everything remain in the same relative correct perspective within the scene.  This latter accommodation also preserves the correct relative size of the spherical Sun and Earth models within the scene, which is obviously necessary to create the correct lighting.  
After all this transforming and scaling, the actual plate file vectors and indices can then be written into the POV-Ray input file in the acceptable format of a POV-Ray type 2 “mesh” set of constructs, including the LMMP-inspired “mesh camera” construct produced by the POV-Ray Team for our purposes of acquiring the apparent brightness factors at each rendered (lighted or darkened) plate (i.e., the intermediate *.ppm file).  
6.4
BRDF Reflectance and Incident Irradiance Derivation
The POV-Ray input file allows for each plate to have a specification of a reflectance factor.  Since we know that the lunar surface is generally a diffuse reflector of the Sun’s energy, these reflectance factors are given by a diffuse keyword in the input texture component specification.  The individual reflectance factors are derived based on a Bidirectional Reflectance Distribution Function (BRDF), given by the Lommel-Seeliger model [4].  If the Sun is visible on a given plate, the incident angle of the Sun on that plate is used as one of the independent parameters into the BRDF function.  Another parameter that is required as input into the BRDF formula is the Solar emission angle from the plate.   Some of the constant factors that are available for input to the Lighting software were discussed in section 2, such as the single scattering albedo and the angular width of the shadow-hiding opposition surge.  Since the “mesh camera” construct of POV-Ray allows us to ascertain a relative brightness of a given plate of the scene at a one meter vertical displacement above the plate, each plate’s solar emission angle considered for pairing with the given solar incident angle is 90 degrees.  It is understood that emission from a plate is diffuse in all directions, but for the one “reading”  just above a given plate, the actual value of the reflectance derived from the BRDF will be considered as a function of the incident solar angle and the emission into the “eye of the POV-Ray mesh-camera” just above the plate.  That does not preclude the actual raytracing dynamic from producing reflections that are desired from light other than direct sunlight, but this is just the method used to derive the reflectance value for a given plate.  The raytracer still does what it is advertised to do for incident and reflected light contributing to an overall brightness of a given plate.  
     To obtain the actual value of what was incident on a given plate, based on what the “mesh camera” reported as reflected into this “sensor,” a simple conservation of energy principle was applied.  The actual luminous nature of the sun as conveyed in the total irradiant magnitude at a given time (at normal direct incidence) is multiplied by a ratio of the bits seen by the mesh camera divided by the maximum white light value of 216.  This ratio is equated to a product of the reflectance factor and the perceived incident light to derive the incident light irradiance that is reported.  The reflected irradiance is derived similarly for those options that ask for the reflected flux.
7.
Programmer’s Notes
Some other Notes on Lighting Software

·  Line  163  within   “preprocessDSK.c”  should be edited to have

             the ultimate path name to the   “Moon2000.prj”   file be

            hardwired, unless you want to have some environmental

           variable dictate this path to the file.

· As far as     jp2   files I’ve gotten from the LRO site

ftp://pds-geosciences.wustl.edu/lro/lro-l-lola-3-rdr-v1/lrolol_1xxx/data/lola_gdr/cylindrical/jp2/
only use the ones preceded by the   ldem   (not  ldec)   for use.

(these files, as of Dec 2010,  are very   coarse in their presentation, with apparently insufficient resolutions that cause a distorted picture in some cases).
Simple Building  and Running of the  Lighting Software
Go to the directory /src  in the lighting software and type

make

There will be an executable created in  ../bin,

which is  invoked by
../bin/lmmp   –b  <path_to_configfile/config_filename>,  where

here it is presumed that your  config file  is in  the current directory, which is presumably the  /data directory, at the same level as /bin.

Building POV-Ray (Refer to INSTALL file, as described below):
Obtain the  ‘povray-3.6.tar’   file from the code delivery
(e.g.,  /global/home/dmyers/pov).

Perform a         tar  -xf  povray-3.6.tar        in the directory that you want to install the code.

cd     povray-3.6.1 

Read the INSTALL file and perform the steps either for the privileged super-user (i.e. root) or to install in some other directory (as unprivileged User).
For non-privileged usesr:
    ./configure  --prefix=/install/path  COMPILED_BY=”your name”

    make  install

(as conveyed in    INSTALL   file under  ‘4.1.2  As non-privileged user’)

Replace the files   that are in the source directory of your un-tarred distribution of POV-Ray with the files from

/global/home/dmyers/povray/source,     as a subset of files that MUST be changed-out with the ones locally modified for the mesh-camera constructs in POV-Ray to be present.  Now re-make program with another
     make install

in the povray-3.6.1   directory.
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