
AMES STEREO PIPELINE AND LROC ASU DIGITAL TERRAIN MODEL (DTM) COMPARISON. 
H. M. Brown1, A. A. Awumah1, M. R. Henriksen1, M. R. Manheim1, E. Cisneros1, R. V. Wagner1 M. S. Robinson1 

1School of Earth and Space Exploration, Arizona State University, 1100 S. Cady Mall, Interdisciplinary A, Tempe, 
AZ 85287-3603; (hbrown6@asu.edu).  

 
Introduction: This study compares digital terrain 

model (DTM) products created by the NASA Ames 
Stereo Pipeline (ASP) and ASU Lunar Reconnaissance 
Orbiter Camera (LROC) teams from the same LROC 
Narrow Angle Camera (NAC) stereo pairs. Both abso-
lute and relative measurements of quality are used to 
evaluate the differences between the LROC NAC-
derived terrain datasets.  

Background: The NASA ASP is a suite of open-
source automated geodesy and stereogrammetry tools 
designed for processing stereo imagery into carto-
graphic products, including digital terrain models 
(DTMs) [1]. ASU DTMs are processed using SOCET 
SET from BAE Systems and Matlab [2]. Both ASP 
and ASU LROC DTMs are derived from NAC stereo 
observations calibrated to I/F with Integrated Software 
for Imagers and Spectrometers (ISIS) [3]. In addition, 
both systems combine NAC stereo observations and 
Lunar Orbiter Laser Altimeter (LOLA) profiles to cre-
ate accurate and precise topographic representations of 
the lunar surface [1,2].  

Analysis Overview: First, every DTM from both 
ASP and ASU was qualitatively ranked to assess the 
presence of noise, artifacts, holes, and/or missing data. 
These rankings were used to compare 43 of the high-
est-quality ASP DTMs with similarly high-ranking 
corresponding ASU DTMs (i.e. both DTMs were made 
from the same stereo images) for detailed comparison. 
The resulting set of DTM pairs, representing diverse 
lighting conditions and terrain, were also compared to 
each other in terms of pixel-to-pixel horizontal offsets 
and vertical offsets relative to LOLA profiles (PDS-
released v1.04 RDRs) in order to quantify differences 
between the ASP and ASU products. 

Qualitative Study: Each DTM was given a rank-
ing between 0 and 5, with 5 indicating the highest 
quality (Table 1); 0 was reserved for DTMs exhibiting 
significant missing data not related to topography, 
shadows, or high-exposure surfaces that are most 
commonly responsible for holes and artifacts in ASU 
DTMs. 

One thousand and one ASP DTMs were reviewed 
and compared with their stereo images to determine if 
lighting conditions or topography were the source of 
artifacts or holes. Out of the ASP DTMs reviewed, 
30.5% fall into the highest-ranking categories (4 to 5), 
while 43% are ranked 1 to 3, and 26.5% are ranked 0.  

Three hundred and thirty seven ASU DTMs were 
also qualitatively reviewed using the same ranking 

system; 85% of the ASU DTMs fall into the highest-
ranking categories (4 to 5), 14% are ranked 1 to 3, and 
<1% are ranked 0.  

Rank Artifacts /Noise Missing Data 
5 Negligible None 
4 Minimal and localized; 

edges of DTM unclean 
0-2 holes <100 
pixels 

3 Minor; localized and/or 
pervasive; seams visible 

0-5 holes 
<1,000 pixels 

2 Moderate; localized 
and/or pervasive  

Numerous holes 
<5,000 pixels  

1 Severe; pervasive and 
localized 

Numerous holes 
<20,000 pixels  

0 Negligible to severe 
artifacts not associated 
with input images 

Holes not asso-
ciated with input 
images  

Table 1. Ranking system developed to assess the quality of 
the DTM products. 

Quantitative Study:  Of the highest ranked ASU 
and ASP DTMs, 65 were made from the same sets of 
stereo images. This dataset was further culled to 43; 
encompassing only ASU DTMs that were made after 
July 2013, when new processing methods were imple-
mented that resulted in more accurate DTMs. All ASP 
DTMs reviewed were made in 2014.  

Both ASP and ASU teams recommend that DTMs 
be made at ground sampling distances of at least 3x the 
ground sampling distance of input NAC images [2,4] 
(which are typically 0.5 -1.5 m/pixel). The ASP DTMs 
are sampled at ~1 m and therefore may be oversampled 
[3]. For this reason, the ASP DTMs were first down-
sampled by using ISIS programs reduce and map2map 
with averaging and bilinear reduction schemes to 
match the pixel scales of corresponding ASU DTMs 
(2, 3, or 5 m). 

The USGS ISIS co-registration program coreg was 
used to determine horizontal offsets between the two 
DTM products by forcing one DTM to cartographical-
ly match the other enabling pixel-by-pixel compari-
sons. Coreg was run using a maximum correlation 
algorithm, a 20x20 pixel pattern chip, a 70x70 pixel 
search chip, and a tolerance of 0.92. 

Each DTM was also compared to LOLA ranging 
data, providing a measure of horizontal and vertical 
accuracy. The most accurate topographic reference for 
the Moon, LOLA has uncertainties < 10 m horizontally 
and < 1 m vertically [5]. Each DTM production team 
has developed their own tools to register DTMs with 
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LOLA profiles. To best gauge the offsets between 
LOLA and the DTMs, each DTM was run through 
both an ASU-developed automated tool that uses the 
Optimization Toolbox within MATLAB (RegisterLO-
LA) [2] and the ASP pc_align tool, which uses an iter-
ative closest point algorithm [4]. 

The ASP pc_align tool was run using map-
projected 32-bit GeoTiffs and ISIS cube files of the 
ASP and ASU DTMs, a maximum displacement of 50 
m, and LOLA profiles serving as the alignment vector. 
pc_align outputs include an overall average offset and 
the average latitude, longitude, and elevation offsets in 
meters.  Outputs analyzed from the RegisterLOLA tool 
include the mean offset and root mean square (RMS) 
offsets for latitude, longitude, and elevation. Results 
from both tools were evaluated based on the standards 
used by [2]: average offsets and overall RMS should 
be less than the pixel scale of the DTM, horizontal 
RMS offsets < 10 m, and vertical RMS offsets < 1 m. 

Coreg Results. Corresponding ASP/ASU DTM 
pairs reveal offset patterns that are complex: most 
DTM pairs show multiple localized horizontal offset 
patterns that suggest a mix of translational, rotational, 
and scaling effects. Because of this mixture, it is diffi-
cult to ascertain the relative horizontal orientations of 
the DTMs. The average of total offset magnitudes and 
the standard deviation are 19.5 m and 9.6 m, respec-
tively. At least 4 of the coreg results reveal scaling 
offsets (southward at the north end; northward at the 
south end) that are consistent with a north-south tilt 
between the ASP and ASU DTMs (Fig. 1).  
      LOLA Comparison Results. Overall we found that 
ASU and ASP DTMs have comparable offsets from 
LOLA, with a few exceptions (Table 2). ASU DTMs 
have significantly lower average offsets from Regis-
terLOLA than ASP DTMs, while pc_align gives com-
parable offsets for the two sets. Future work will inves-
tigate these discordant results. Further, elevation off-
sets are at least 2x lower (~1 m) for ASU DTMs than 
for ASP DTMs.  
     The RegisterLOLA tool creates plots of the eleva-
tion offsets between LOLA tracks and input DTMs; 
examining these plots for all the ASP/ASU DTM pairs 
revealed a systematic elevation tilt in all 43 of the ASP 
DTMs (18 m average) and in 2 of the ASU DTMs (1 m 

average). This tilt may reflect the coreg and Register-
LOLA elevation offsets identified above.  

 
Fig 1. RegisterLOLA plots show-
ing RMS elevation offsets for 
images M1100687605/ 
M1100701900. Left: ASU DTM 
error analysis.  Right: ASP DTM 
error analysis.  Note the tilt of 
data showing a 10 m elevation 
offset in the N/S direction. 
 
 
 

     Summary: A number of factors affect the accuracy 
and precision of DTM products. Maturity of orbit data, 
the registration and DTM extraction processes, accura-
cy of LOLA data [5], and the DTM sampling all affect 
the overall offset discrepancies and visual appearance 
differences between ASP and ASU DTM products. 
DTMs were visually inspected, compared to LOLA 
profiles using each method’s alignment tool, and regis-
tered to each other in order to better understand the 
outputs of each production method. 
     Conclusions: In terms of absolute uncertainty, the 
two sets of DTMs are comparable. However, ASU 
DTMs display little to no tilt relative to LOLA, and 
contain fewer holes and visible artifacts compared to 
ASP DTMs. We found that the ASP DTMs examined 
display an 18 m average elevation tilt relative to LO-
LA, while only 2 ASU DTMs have systematic tilts (1 
m average). In addition to this, many of the 1001 ASP 
DTMs are oversampled (DTM scale ≤ native image 
scale). Many of the ASP DTMs contain significant 
artifacts, noise, and holes in comparison to ASU DTM 
products. Since the process of removing defects and 
accurately registering the DTMs to LOLA takes addi-
tional time and effort, ASU DTMs are less abundant 
than ASP DTMs. 
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Table 2: Offsets between LOLA and ASU or ASP DTMs, as generated by RegisterLOLA (Reg. LOLA) and pc_align. Average offset from Regis-
terLOLA is the average of the differences in elevation at each lat/lon point [2], while average offset from pc_align is an average of the distances 
between the LOLA point and the closest DTM point [4]. Latitude, longitude, and elevation offsets are RMS offsets for RegisterLOLA and average 
offsets for pc_align. 

 Average Offsets (m) Latitude Offsets (m) Longitude Offsets (m) Elevation Offsets (m) 
 Reg. LOLA pc_align Reg. LOLA pc_align Reg. LOLA pc_align Reg. LOLA pc_align 
ASU 2 7 4 5 5 4 0.6 0.7 
ASP 7 8 4 5 7 4 1.9 1.5 
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