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Overview 
The Clementine spacecraft imaged more than 99% 

of the Moon's surface at resolutions of 80-250 mlpixel; 
we are in the process of assembling a global digital 
base map. A new geodetic network has been 
constructed from -43,000 images and -265,000 match 
points. The average relative positional error is about 
80 m, less than 1 pixel. The absolute positional 
accuracy should be -250 rnlpixel on average, which 
will facilitate future lunar exploration. Previous 
control networks achieved accuracies of -1 -2 krnlpixel 
on the near side and -10-20 kmlpixel on the far side. 
The fmal base map will consist of 750-nm normalized 
albedo. The processed dataset will be distributed on a 
7-volume set of CD-ROMs and made available via the 
Internet. The imaging node of the Planetary Data 
System (PDS) has developed a program called 
MapMaker which facilitates the construction of digital 
maps with user-specified latitude-longitude limits and 
scale. 

Introduction 
The Clementine mission returned about 1.8 million 

lunar images during the spring of 1994 [I]. 
Clementine's lunar orbit was designed primarily to 
optimize global multispectral coverage. The spacecraft 
was in a polar, elliptical orbit, 400-450 km periselene 
altitude. During the first month of systematic mapping 
periselene was at -30" latitude for the 
highest-resolution coverage and altimetry over the 
southern hemisphere, then moved to +30° latitude to 
best cover the northern hemisphere. The equatorial 
region (latitude -50" to +50°) requires data from both 
months for complete coverage. The spacecraft made a 
grand total of 347 lunar orbits: the first 3 1 orbits were 
for checkout, testing, and special observations; the next 
265 orbits were for systematic mapping; and the last 39 
orbits were for gap recoveries and special sequences. 
Orbit insertion was executed to provide low-phase 
(0-35 ") coverage of the equatorial regions, thus 
optimizing signal-to-noise for multispectral mapping. 
Phase and illumination angles increase to 90" at the 
poles. 

The systematic mapping phase of the mission was 
not flawless. There were 8 major spacecraft upsets 
resulting in partial or complete loss of data for 
particular orbits. All major gaps were recovered, but 
the gap recovery observations have been difficult to 
geometrically control due to the large emission angles 

(10"-75"). A filter slip problem after orbit 230 resulted 
in loss of 750-nrn UVVIS images in about half of 7 
orbits. Timing errors resulted in loss of about 5 frames 
per orbit, but the UVVIS double imaging (for 
improved signa1:noise) has served to avoid most gaps 
in coverage. 

Geometric Calibration and Control Network 
Systematic calibration and processing efforts are 

underway to enable global, full-resolution scientific 
analyses of the Clementine datasets. A first major step 
in the systematic processing of the imaging data is the 
production of an accurate base map, to which all 
products will be geometrically registered. Current 
maps and control points of the Moon are not 
sufficiently accurate. The previous RAND control 
network [3,4] is accurate to 500 m in the area covered 
by the Apollo mapping frames (15% of the Moon's 
surface), and is accurate to about 1-2 km for regions 
covered by telescopic, Galileo, and Mariner 10 
observations. However, most of the far side is not 
included in the network, and the only other positional 
dataset for these regions [5] contains errors as large as 
tens of kilometers. Based on our current best 
measurements of the spacecraft orbit and pointing, 
UVVIS geometric distortions, and time tags for each 
observation, we expect the SPICE data alone will 
provide positional accuracies better than 1 km over 
most of the Moon [6]. If the residuals are primarily 
small random pointing errors, then accuracies 
approaching the UVVIS pixel scale should be 
achievable. 

Our goals for 99% of the Moon (excluding the 
oblique gap fills) are to provide better than 0.5 
kmlpixel absolute positional accuracy and to adjust the 
camera angles so that all frames match neighboring 
frames to within an accuracy of 2 pixels. To achieve 
these goals we required camera alignment and pointing 
data accurate to a few hundredths of a degree. We 
determined the absolute alignment of the UVVIS with 
respect to spacecraft-fixed axes (A and B Star Tracker 
quaternions) by analyzing a major subset of the over 
17,000 images of Vega, over 6,000 images of the 
Southern Cross and a few hundred images of the 
Pleiades, taken during the approach to the Moon and 
throughout the lunar mapping mission phase. Multiple 
star images within a single picture were used to 
determine the UVVIS focal length and optical 
distortion parameter values. 
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Approximately 265,000 match points have been 
collected at USGS from -43,000 UVVIS images 
providing global coverage. About 80% of these match 
points were collected via newly-developed autonomous 
procedures, whereas the other 20% required the more 
time consuming but highly accurate pattern-recognition 
capability of the human eye-brain. We also developed 
streamlined procedures for the supervised collection of 
match points. The new procedures saved several 
person-years of effort, and represents new capabilities 
that will be useful with other planetary datasets. The 
automated success rate exceeded 90% along each 
spacecraft orbit track, where the overlap regions of 
successive images are highly correlated, but failed 
when the overlap region is narrow andlor nearly 
featureless. ("Failure" is defined as less than 3 points 
per image with correlation coefficients greater than 
0.85; thus, many good match points were rejected 
because we could not be certain that the matches were 
valid without verification.) Across-track matching was 
more difficult due to changes in scale and illumination 
angle, but a fair success rate (-60%) was nevertheless 
achieved via the use of "window-shaping" (local 
geometric reprojections). The oblique gap-fill images 
were the most difficult to match, and required 
substantial human intervention. Matching the polar 
regions was time-consuming because each frame 
overlaps many other frames. Most match points were 
found to a precision of 0.2 pixel. 

The USGS match points were sent to RAND 
corporation for analytic triangulations. Using these 
match points, control points from the Apollo region [2, 
31, and the latest NAIFISPICE information, RAND 
determined improved camera orientation angles for the 
global set of UVVIS images. A constant lunar radius 
of 1737.4 krn was assumed, a significant source of 
error near the oblique gap fills. The analytical 
triangulation is a least-squares formulation designed to 
adjust the latitude and longitude of the control points 
and the camera orientation angles to best fit the match 
points. The triangulation was first computed on 
"packets" of match points (each covering -118" of the 
Moon), then checked and re-checked at USGS via plots 
and test mosaics to fix and add match points as needed. 
The final (global) analytical triangulation required 
solving -660,000 normal equations. The mean error is 
less than 1 pixel. This is by far the largest analytical 
triangulation ever applied to a planetary body other 
than Earth. The results fully define the planimetric 
geometry of the base map, to which the other 
systematic products will be tied. 

Base Map and 750-nm Albedo Map 
Our fmal product will be a global 750-nm albedo 

map. A preliminary mosaic was produced at a scale of 
1 krnipixel [6]. Gaps in 750-nm coverage will be 
filled by 900-nm images, empirically fit to match 
adjacent 750-nm data. The mosaics will primarily map 
albedos in the equatorial regions of the Moon; surface 
morphologic features will be best revealed by 
topographic shading at high latitudes. The data will be 
normalized to the brightness expected at illumination 
and phase angles of 30" and an emission angle of 0" 
[7]. We expect to complete the processing in the 
spring of 1996, and to make the digital mosaics 
available to any interested user via the internet from a 
PDS CD-jukebox. 

Final products will be archived on CDROM and 
made available via the PDS, and will come with 
documentation and software that will enable 
quantitative measurement and mapping of errors, and 
reconstruction of the final products starting from the 
raw data archive. The digital datasets will be made 
available via the Internet as soon as they have been 
completed, prior to CD-ROM distribution. The PDS 
imaging node in Flagstaff has a CD-jukebox with 4 
drives and 500 slots, for 325 Gbytes total capacity, 
more than enough to keep the entire Clementine raw 
and processed archives continuously available for 
near-line access. We will use write-once CDs for this 
purpose before the CD-ROM volumes have been 
delivered. Useful interim products (e.g., separate 
month-1, month-2, oblique, and 900-nm image cubes) 
will also be archived on write-once CDs, and made 
available to researchers with special interests. Included 
on the CDROMs or via PDS will be the MapMaker 
software to enable the user to extract seamless mosaics 
or image cubes for any latitude-longitude region and at 
a variety of scales and in a few different map 
projections, from PC, Macintosh, PowerPC, or 
UNIX-based platforms. 
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