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An approach is presented to efficiently produce high quality gridded data records from the large, global
point-based dataset returned by the Diviner Lunar Radiometer Experiment aboard NASA’s Lunar Recon-
naissance Orbiter. The need to minimize data volume and processing time in production of science-ready
map products is increasingly important with the growth in data volume of planetary datasets. Diviner
makes on average >1400 observations per second of radiance that is reflected and emitted from the lu-
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Remote sensing

rections, such as projection of data points onto a digital elevation model, are numerically intensive and
Planetary mapping

therefore it is desirable to perform them only once. Our approach reduces bottlenecks through parallel
binning and efficient storage of a pre-processed database of observations. Database construction is via
subdivision of a geodesic icosahedral grid, with a spatial resolution that can be tailored to suit the field
of view of the observing instrument. Global geodesic grids with high spatial resolution are normally im-
practically memory intensive. We therefore demonstrate a minimum storage and highly parallel method
to bin very large numbers of data points onto such a grid. A database of the pre-processed and binned
points is then used for production of mapped data products that is significantly faster than if unprocessed
points were used. We explore quality controls in the production of gridded data records by conditional
interpolation, allowed only where data density is sufficient. The resultant effects on the spatial continuity
and uncertainty in maps of lunar brightness temperatures is illustrated. We identify four binning regimes
based on trades between the spatial resolution of the grid, the size of the FOV and the on-target spacing
of observations. Our approach may be applicable and beneficial for many existing and future point-based
planetary datasets.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

We present a methodology to produce gridded data records
of lunar surface temperatures from the Diviner Lunar Radiome-
ter Experiment (Paige et al., 2010), a 9-channel filter radiome-
ter on board NASA’s Lunar Reconnaissance Orbiter, which since
July 2009 has acquired approximately 1500 observations of the lu-
nar surface per second, creating a database of records >60 TB in
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size. We build on the work of Teanby (2009) who presented an
icosahedron-based method for binning of globally distributed re-
mote sensing data. The geodesic grid used in binning does not suf-
fer from bin size bias with latitude, which can result from bin-
ning onto grids defined in a cylindrical projection. Instead, bins
are effectively equal in area. Typically the entire triangular grid
is required to be constructed and stored in memory prior to bin-
ning. For grids with fine spatial scale, which are now required for
high spatial resolution planetary datasets such as Diviner’s, this ap-
proach can consume impractically large computer memory. Adap-
tation of the technique to cope with very large numbers of data
points and/or very fine grid resolution is therefore required for
large datasets.
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Fig. 1. Adapted from Sunday (2001). Method to test if a ray drawn from the origin
to a point outside the unit sphere intersects with a triangle with vertices on the
unit sphere. Triangle vertices define a plane, F. Parametric coordinates t and s are
calculated as fractions of the unit vectors u and v, which are parallel to the triangle
sides v, v1 and vg, v, respectively.

We demonstrate the following specific developments:

—

. Rather than calculating and storing the entire grid in memory
prior to the start of the binning process, we implement a min-
imum storage, recursive scheme to bin data points onto only
the required local sub-grid of the hierarchical triangular mesh.
Each binning process is computationally independent, because
the vertices of successive sub-grids are calculated as required
when iterating toward the desired grid resolution. The overall
procedure is therefore what is commonly referred to as ‘em-
barrassingly parallel’.

2. To test whether a point lies in a bin or not we implement a
fast ray-tracing algorithm (Sunday, 2001) originally developed
for computer graphics (Méller and Trumbore, 1997).

3. We present an efficient methodology to store binned data
points in a database.

4. Production of gridded data products from such a database pro-
ceeds using an algorithm that considers the spatial density of
data points. We discuss the relationship between on-target ob-
servation spacing, field of view size and grid resolution, and
how it may be used to tune parameters involved in production
of gridded data.

2. Binning onto an icosahedral grid

To bin data points, a grid must first be defined in order to
test the spatial intersection of the data point with each bin. The
tetrahedron, octahedron and icosahedron are all acceptable start-
ing grids that are constructed from triangular faces. Octahedral
meshes have been favored by some approaches because their ver-
tices can occupy cardinal points and edges align with the 90th,
180th and 270th meridians (Dutton, 1996). However, to demon-
strate our method we choose an icosahedron as a starting grid be-
cause (i) an icosahedron more closely approximates a sphere than
an octahedron, minimizing the deviation from equal-area of new
triangles formed from bisecting triangle sides, and (ii) because this
approach builds specifically on previous work that uses an icoshe-
dron as a starting grid (Teanby, 2006).

A vertex vy is defined as a position vector in three dimensions
Vn = [Xn, ¥n, zn] and each triangle is defined by 3 such vertices, e.g.
as in Fig. 1 where the triangle t; is defined by the vertices [vo,
vy, v3]. The total number of triangles in an icosahedron-based grid

is given by 20 x n2, where I is the level, or number of iterative
subdivision of triangle sides and n is the number of segments a
triangle side is subdivided into at each new level. n and | must
be integers. Bisection of triangle side lengths is the simplest tech-
nique and we focus only on that in our example, but n and [ may
be tailored so that a desired triangle side length, q is reached. n
may also vary as iteration proceeds so that a desired triangle side
length may be reached that is not available through successive bi-
section alone. For n = 2 the number of triangles is equal to 20 x
4l: at each new level the grid contains 4 times as many triangles
as the previous grid level.

Table 1 lists the total number of triangles and memory that
would be occupied at each level if global meshes were to be stored
in their entirety. Storage of meshes is assumed to be two linked
lists of vertices and faces, to minimize disk usage.

Coarse resolution icosahedral grids, i.e. with low values of [,
may be sufficient to represent global trends where fine detail is not
required. For example, global trends in the Moon’s elevation are
adequately resolved by binning altimetry data acquired by LRO’s
Lunar Orbiter Laser Altimeter (LOLA) onto an icosahedral grid with
n=2 and | =7 (Fig. 2), giving a triangle side length of 1791 km
(Table 1). For broad summary products, the entire grid may be held
in a relatively small amount of computer memory and, assuming
implementation of the binning algorithm as a single process, the
compute time depends primarily on the number of individual data
points.

However, for many global point-based planetary datasets the
target-projected field of view (FOV) can be very small relative to
the target body. Spatial information is therefore lost when FOVs
are binned onto grids with spacings that are much larger than FOV
dimensions. To maximize preservation of spatial information when
producing mapped data products from raw data, bin size should
adequately sample the FOV. In addition to LRO Diviner, this ap-
proach is applicable to any point-based planetary dataset, such as
returned by e.g. Mercury Laser Altimeter on board NASA's MES-
SENGER (Cavanaugh et al., 2007), the Lunar Exploration Neutron
Detector (LEND) also on board LRO (Mitrofanov et al., 2010), or the
NOMAD instrument on board ESA’s 2016 Trace Gas Orbiter mission
(Thomas et al., 2015).

2.1. Binning algorithm

Impractical volumes of computer memory are required to store
meshes with levels that correspond to instrument fields of view
smaller than a few hundred meters. In parallelizing the binning
process we can reduce computation time in multi-CPU/core envi-
ronments, which are now typical. The total processing time is re-
duced by approximately a factor of the number of concurrent com-
putational processes assigned to binning data points into triangles.

Sunday (2001) presents an algorithm to test whether a ray in-
tersects a triangle by calculating the parametric coordinates, t, s of
the intersection point. As an improvement to the popular and effi-
cient algorithm by Moller and Trumbore (1997), Sunday’s approach
is more efficient when triangle normals are pre-calculated, because
it requires computation of only a single cross product, whereas
Moller and Trumbore’s calculates two regardless of whether the
normal exists or not. t and s are positions on axes defined by the
two of the triangle sides, represented by the unit vectors v and u,
respectively (Fig. 1). Geometrically, the procedure can be thought
of as translating the triangle so that vq is at the origin and trans-
forming it to a unit triangle in the plane F, with the ray direction
aligned with z. The intersect point p is within the triangle when s
>0,t>0and s+t <1. At vertex vg, t = 0 and s = 0.

Implementation of an optimized version of the algorithm writ-
ten in the C language is detailed in Sunday (2001), and we here
implement the same optimized algorithm in FORTRAN as the pro-
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