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ABSTRACT:

The integrated photogrammetric mapping system flown on the last three Apollo lunar missions (15, 16, and 17) in the early 1970s
incorporated a Metric (mapping) Camera, a high-resolution Panoramic Camera, and a star camera and laser altimeter to provide support
data. In an ongoing collaboration, the U.S. Geological Survey’s Astrogeology Science Center, the Intelligent Robotics Group of the
NASA Ames Research Center, and Arizona State University are working to achieve the most complete cartographic development of
Apollo mapping system data into versatile digital map products. These will enable a variety of scientific/engineering uses of the data
including mission planning, geologic mapping, geophysical process modelling, slope dependent correction of spectral data, and change
detection. Here we describe efforts to control the oblique images acquired from the Apollo 15 Metric Camera.

1. INTRODUCTION

In the early 1970s, an integrated photogrammetric mapping
system flew on the last three Apollo lunar missions AS15, AS16,
and AS17 (AS refers to Apollo-Saturn, the Kennedy Space
Center designation for manned Apollo flights). It included a
Metric (mapping) Camera (MC), a high-resolution Panoramic
Camera (PC), and a star camera and laser altimeter to provide
support data (Figure 1, Figure 2; Livingston, et al., 1980). In the
years following these missions, several U.S. government
agencies (e.g. Defense Mapping Agency, National Oceanic and
Atmospheric Administration, U.S. Geological Survey [USGS],
and NASA) made significant efforts to geodetically control
primarily the nadir MC photographs, producing hardcopy image
mosaics and topographic contour maps (Doyle, et al., 1976;
Light, et al., 1980).

Clearly, it is not possible to readily update hardcopy products (or
scanned images of them) making them consistent with our
rapidly improving knowledge of lunar coordinates. Further, they

do not support the quantitative and detailed surface
characterization needed for future landed missions.
Consequently, in an ongoing collaboration, the USGS

Astrogeology Science Center (ASC), the Intelligent Robotics
Group of the NASA Ames Research Center (ARC), and Arizona
State University (ASU), are working to achieve the most
complete cartographic development of Apollo mapping system
data into versatile digital map products. These have a variety of
possible scientific/engineering uses including mission planning,
geologic mapping, geophysical process modelling, slope
dependent correction of spectral data, and change detection.

The NASA Johnson Space Center (JSC) and ASU digitized the
original MC and PC film images, held in cold storage at JSC
(Robinson, et al., 2008; Paris, et al., 2012a). ASU also created a
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digital record of image support data (Paris, et al., 2012b). The
ARC completed our joint project to process the nadir images
from AS15-17, producing a photogrammetrically and

geodetically controlled, orthorectified digital image mosaic
and digital

(DIM) terrain - model (DTM) sampled at

Figure 1: Apollo 15 Command and Service Module with Lunar
Mapping Camera System and Panoramic Camera in the Scientific
Instrument Module (from NASA image AS15-88-1197).
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Figure 2: Apollo Lunar Mapping Camera System
(NASA/Fairchild).

approximately 30 m/pixel (Nefian, et al., 2012, 2013) and tied to
a reference frame based on Lunar Orbiter Laser Altimeter data
(LOLA; Mazarico, et al., 2010). They accomplished this using
the Ames Stereo Pipeline (ASP) software developed by the ARC
(Moratto, et al., 2010) and the Integrated Software for Imagers
and Spectrometers (ISIS) planetary cartography package
developed by the ASC (Keszthelyi, et al., 2014).

In our initial work with digital Apollo data, we avoided
processing oblique and particularly high-oblique MC images as
their geometry poses additional challenges for recognizing
control point features and orthorectification. However, in 1972,
even before support data were available for AS16 photographs,
and again in 2005, the USGS successfully demonstrated that
these images could provide valuable topographic information and
further, that high-oblique images can be rectified to obtain
planimetric data (Wu, et al., 1972; Gaddis, et al., 2005).

In the following we outline our efforts to control the oblique
AS15 MC images to one another, to the nadir AS15 MC images,
and to the LOLA reference frame. We describe the lunar missions
and the MC, preparation of image and support data, the
photogrammetric control process itself, resulting products, and
lastly, ongoing and future work.

2. THE MISSIONS AND THE METRIC CAMERA

Coverage from the AS15-17 cameras was limited to the
illuminated portion of the near-equatorial zone spanning the
ground tracks of the three missions. Figure 3 shows AS15 orbit
ground tracks and MC photo locations. As a result of pre-flight
analyses and in situ observations and measurements obtained by
the landed Apollo missions (e.g., Masursky et al., 1978), this
equatorial zone encompasses perhaps the most studied portion of
the Moon, and these analyses have established a fundamental
baseline for lunar surface characterization that is unmatched in
other regions.

The MC, manufactured by the Space and Defense Systems
branch of the Fairchild Camera and Instrument Corporation, was
a frame camera similar to those used in terrestrial aerial
photogrammetry (Doyle, 1970). Accurately calibrated prior to
flight, it had a focal length of 76 mm and an image format of 114
square mm (Table 1).

At the nominal altitude of ~110 km a nadir image covers a region
of ~160 square km. Along-track image overlap of 78% ensured
sufficient stereo convergence and geometric strength for
triangulation. AS15-17 acquired approximately 6,000 MC

1972‘),‘ Scanned ir‘nage‘ cburtésy Lunar and Planetary Science Institute. See

http://www .Ipi.usra.edu/resources/mapcatalog/apolloindex/apollo15/as15indexmap02/ for a higher resolution version.

Flguré 3: AS15 orbit ground tracks and Mapplng‘Car‘nera ﬁhétds ‘(NASA

This contribution has been peer-reviewed.
doi:10.5194/isprsarchives-XLI-B4-375-2016

376



The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLI-B4, 2016
XXII' ISPRS Congress, 12—19 July 2016, Prague, Czech Republic

Table 1: Apollo Metric Camera characteristics (from Light,
1972).
| Mapping Camera System

racteristics .
Characteristic Terrain

Manufacturer .

Fairchild camera &
Instrument Corp.

Basic design {  Frame

Focal length 3 inches (76.6 mm)
Lens angular coverage 74° X 74°

Lens aperture f/4.5

Lens distortion <50pm

Filter None

@1.7:1, 58-70
10 mm crosses (121)

Resolution lp/mm
Reseau-interval
Illumination Natural
Fiducials—Artificial 2 sets of 4
Natural 4

Shutter Type Between Lens

Shutter speeds 1/15 to 1/240 sec.

Format 4,5%X4.5 in.
Transmission 44 .39,
Film size and typical 5 inches (127 mm)
type Type EK 3400 or
EK 3414
Magazine 1500 feet
Capacity (3600 frames)

8.5 to 34 sec.
10 to 40 M Radians/sec.
16:1 Automatic

Cycling rate
Motion compensation
Exposure control

Weight
Data Recording

131 Lbs W/Film
Data Block

Platen with moveable
pressure plate

Film Flattening

images suitable for mapping. Of these, 3/4 are nadir-looking
covering ~16% of the lunar surface. The remainder are oblique
and increase useful coverage to ~25% (Figure 4).

There are ~2350 useful MC images from ASI1S5 alone, 475 of
which are oblique. These were acquired in four orbits with the
spacecraft oriented such that the camera was tilted either 25°
forward or aft; or 40° north or south (orbits 23, 34, 35, and 71
respectively; Figure 5).

Figure 4: AS15-M-2515 (NASA/JSC/ASU) from 40°S oblique
orbit 71. Left: raw image with limb. Right: projected image
shows artifacts that may occur when projecting highly oblique
data toward the limb.

Orbit 35:40° North

Orbit 23: 25° Forward

Orbit 34:25° Aft

Orbit 71:40° South

Figure 5: Preliminary controlled DIMs of AS15 oblique orbits.
Images are averaged. Projection is simple cylindrical. Original
resolution is 500m/pixel.

3. DATA PREPARATION
3.1 Film Scanning and Digital Image Processing

This summary follows closely that on the ASU Apollo Image
Archive (apollo.sese.asu.edu/ABOUT _SCANS/index.html;
accessed 14 April 2016). The film images were removed from
cold storage, acclimated to room temperature, and hand-cleaned.
Digitization was performed on a Leica DSW700
photogrammetric scanner (Calarco, Dam, and Walker, 2004)
modified to record 14-bit to exploit the large dynamic range of
the film. Scanned pixel size is 5 um, corresponding to a ground
sample distance of ~8 m for the nadir images. Background (e.g.
film base and fog) and vignetting were removed from the scans.
Additional processing included measuring and recording fiducial
and reseau mark positions, image resampling to remove film
deformation based on the reseau marks, and cosmetic removal of
the reseau marks. Exposure information encoded on each film
image as a pattern of dots in the margin was decoded and
recorded. The processed scans are stored as 16-bit TIFF files.

3.2 Support Data

ASU used optical character recognition software to convert
hardcopy data from the Apollo-era reconstruction of the
spacecraft position and pointing for each image (Figure 6) to
digital form. ASU and the ASC worked to check these values,
manually correcting detected errors. With this data ASU
generated preliminary spacecraft position (sp) and image
pointing (c) kernels in NAIF SPICE format (Acton, 1996).
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L APOLLO 18  A18 R35 MAP 12/71 FIN PAGE - 1487
YEAR MONTH DAY HOUR NINUTE SECOND
GvMT T 8 1 15 14 54.118
QET 6 1 40 53.320 L LAl
STATE VECTOR X b 4 2 X poT Y
1950.0 ~1420, 74850587 1071, 7430117 528.5504808 . 9885000 7582647 1.0540201
SBLENOGRAPHIC 507.5975180 1758. 0204465 54, 4529285 1.3712704 -, 4929200 . 7068419
SIGMA(SBLEND) 1.70 .61 .9 .001 .002 .000
LONGITUDE OF NADIR POINT 71.2138805 DEG LATITUDE OF NADIR POINT 1.6807072 DEG
SIGMA NADIR LONGITUDE .0009713 DEG SIGMA NADIR LATITUDB 0004807 DEG
LONO OF CAMEIIA AXIS INTERSECT 72.08981525 DEG LATI OF CAMERA AXIS INTERSECT 4.7066526 DEG
SPACSCRAFT RDIUS 1868, 4824371 N SPACECRAFT ALTITUDE 118.3924408 KM
SIGMA SPACECIIAFT RADIUS .0000020 KM AZIMUTH OF VELOCITY VECTOR 205.0040277 DEG

-.0043186 KM/SEC
26.0873728 DEG

MEAN ALTITUDI? RATS
TILT AZIMUTH

HORIZONTAL VELOCITY
TILT ANGLE

1,61952560 KM/SB0

40.0776308 DEG

AZIMUTH .0031084 DEG S10MA TILT ANGLE .0020000 DEG
:ll:“wﬂ:lﬂl AT PRIN GRND PNT 76.0612703 DEG SUN AZIMUTH AT PRINCIPAL GRND PNT  251.5278148 DEC
LONGITUDE OF SUBSOLAR POINT §9.4008948 DEG LATITUDE OF SUBSOLAR POINT 2045601 DEG
ALPHA -42.09693868 DG SWING ANGLE 350.0486201 DEO
BEMISSION ANGLE 434407492 DS SIGMA SWING ANCGLE ,0031064 DEG
PHASE ANGLE 34.8178184 DEG NORTH DEVIATION ANGLE 145.8681307 DEG
Pl .3487487 b= X-TILT %0.0770833 bEQ
SIGMA PHI .0026138 DEG BIGMA X-TILT .0020000 DEG
KAPPA -153.8715744 DEG Y-TILT -.0350041 DEG
SIGMA KAPPA .0026138 DEG SIGMA Y-TILT .0020000 DECG
OMECA 40.07782168 DEO HEADING ~£3.0010243 DEG
SIGMNA OMBGA .0020000 DEG SIGMA HEADING .0020000 DEG
SCALE PACTOR .0000000 M/TM LASER SLANT RANGE .0000000 KM
SPACBORAFT ALTITUDE(LASER) .0000000 KM ALTITUDR DIFFERENCE -116.3824408 KM
&ml DIRECTION COSINES X Y 4 MAGNITUDE (KM)

oF CN-.;A AXIS -.51951803 ~.84000201 .65569090 158, 652374

TRANSFORMATION MATRIX FROM
SELENOCENTRIC TO CAMERA

50467783400 .46645511400 .65481180+00
08058234400  .14149885400 ~.71887812+00
-, 42797938400 87315390400 ~.23331500400

TRANSFORMATION MATRIX FROM
LOCAL HORIZONTAL TO CAMERA

-.80803530¢00  .43992308+00 .61093727-03
-.33607045+00 -~.88697025+00 ~.84382480+00
-.20201364+00 -.57838321+00 .76517271+00

Figure 6: Support data pages for oblique image AS15-M-1487 (NASA).

4. ISIS PROCESSING
4.1 ISIS Sensor Model

ASU developed the original version of the ISIS MC sensor
model. The ARC successfully utilized this model to control the
AS15-17 nadir MC images. Our first attempts to control the
AS15 MC oblique images exposed significant errors in the
model. Correcting these necessitated recreating the preliminary
sp and ¢ kernels. For ~150 otherwise useful AS15 MC images no
support data was available. For these we determined a priori
spacecraft position and image pointing via interpolation or
photogrammetric resection.

4.2 ISIS Image Ingestion and Pre-Processing

The raw TIFF MC images were converted into ISIS cube format
and examined for usefulness and quality. Spacecraft hardware
and blemishes in some images that could compromise feature
detection and image matching were removed by masking when
possible (Figure 7). The blemishes result in part from foreign
debris present on the film negatives during scanning.

4.3 Photogrammetric Control

In ISIS, interest point detection and image matching are typically
accomplished automatically with a minimal amount of operator

intervention. Due to the high-oblique geometry of orbits 35 and
71, considerable manual work was required to edit inaccurate
image measurements or incorrect matches, particularly between
these and the nadir orbits.

We obtained absolute horizontal control from the Lunar
Reconnaissance Orbiter Wide Angle Camera (LRO WAC)
mosaic (Wagner, et al., 2015) and radius values from a DTM
combining data from LOLA and the SELENE (Kaguya) Terrain
Camera (Barker, et al., 2015).

Bundle adjustments were performed with the ISIS program
Jjigsaw (Edmundson, et al., 2012; Table 2). Nadir images were
adjusted separately. Oblique orbits 35 and 71 were then

Table 2: Bundle adjustment statistics for AS15 MC. Results for
25¢ oblique orbits 23 (forward) and 34 (aft) are preliminary and
were previously reported in Edmundson, et al. (2014).

# # rms

# tie control # residuals

image set images points points  measures  (pixels)
nadir only 1463 55692 222 506439 1.18
23 (25° fwd) 115 907 12 3902 1.54
34 (25° aft) 105 982 33 3350 1.51
35 (40° N) 128 551 4765 16175 1.75
71 (40° S) 127 1681 2673 17873 1.15
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Lase™Altimeter %
Protective Cover |

Figure 7: Hardware artifacts and blemishes before and after
masking. Top: AS15-M-2095. Left — MC was not fully extended,
leaving part of the Laser Altimeter protective cover in view. The
Gamma Ray Spectrometer is also visible. Right — hardware is
masked. Bottom: AS15-M-1442. Left — Laser Altimeter
protective cover in view. Right — hardware masked. Images
courtesy NASA/JSC/ASU.

individually adjusted against the updated nadir
effectively holding the nadir fixed.

images,

The 25° oblique orbits (23 and 34) were not used in the final DIM
or for DTM generation as they are redundant to the nadir image
coverage. We did however control these orbits individually and
to the LOLA reference frame. In the future we hope to control
them to the nadir images as well.

5. PRODUCTS

Products resulting from this work include...

e A database of MC tie points and their adjusted 3D locations
for the AS15 region consistent with the LOLA reference
system.

e AS15 SPICE format spacecraft position (sp) and image
pointing (c) kernels, both derived a priori from the original
Apollo tracking data and as updated from the control network
solutions.

e A DTM, individual orbit DIMs, and combined DIMs of the
AS15 region including both nadir and oblique MC coverage.

The tie point database, DTM, and DIMs will soon be available
through the USGS Astrogeology PDS Annex data portal,
http://astrogeology.usgs.gov/pds/annex. Updated and a priori
SPICE kernels are now available to the community via the ISIS
public release. Details on DIM and DTM generation follow.

5.1 Digital Image Mosaics

As part of the mosaic creation process, we applied cosmetic
techniques to individual images and within individual orbit
mosaics to minimize variations in tone, brightness, and shadows
(Figure 8). We have created controlled DIMs tied to the LOLA
reference frame for 1) each individual nadir and oblique orbit; 2)

Figure 8: Cosmetic methods to minimize variation in tone,
brightness, and shadows were applied within each orbit. Left:
controlled raw image mosaic. Right: after adjustment, seams are
notably less visible and tone more uniform. Area shown is from
nadir orbit 16 centered at 2.0°N, 89.0°E.

the nadir orbits combined; and 3) the nadir orbits combined with
oblique orbits 35 and 71 (Figure 9, top). As the quality of the
DIMs worsens with increasing obliqueness (i.e. toward the limb),
the oblique orbit and combined mosaics are trimmed at an
emission angle of ~80°.

5.2 Digital Terrain Model

With the updated SPICE kernels from the control process, the
ARC produced a DTM for the AS15 region using the ASP. Each
image was coupled with its neighboring image (if available)
forming a stereo pair. A DTM for each stereo pair was created.
Filtering of invalid heights was performed based on triangulation
error and out-of-range conditions. All stereo pair DTMs were
then mosaicked together. In overlap regions, the DTMs were
blended via weight functions that transition to zero towards each
DTM boundary. The final product (Figure 9, bottom) was
trimmed at roughly the same 80° emission angle as the DIM.

6. ONGOING AND FUTURE WORK

We are in the process of evaluating the quality of the AS15 DTM
created here. Under a separate proposal we are currently working
to control the AS15 PC images. We hope to ultimately control all
MC and PC images from AS15, AS16, and AS17.
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