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Abstract

The Mars Orbiter Laser Altimeter (MOLA) instrument on the Mars Global Surveyor
(MGS) spacecaft hasreturned alarge anount of data on the topagraphy of Mars. It is
possble to generate hightresolution Digital Elevation Models (DEMs) from this data by
employing data interpolation techniques. Four interpolation algorithms were seleded for
testingon MOLA data: Delaunay-based linea interpolation, splining, neaest neighbour,
and natural neighbour. These methods were gplied to the MOLA data of Korolev crater
for quditative analysis. In addition, aDEM of apart of Icdand was used for quantitative
testing by simulating MOLA data aquisition, interpolating that data, and then cdculating
the mean absolute aror (MAE) between the interpolated and original DEM. Exeaution
speads were measured for the four algorithms. The natural neighbour method proved
superior both quantitatively and quelitatively to other methods tested, but isrelatively

slow computationally.

1. Introduction

The Mars Orbiter Laser Altimeter (MOLA) instrument on the Mars Global Surveyor
(MGS) spacecaft aayuired alarge topography dataset from the orbit of Mars. MOLA
fired 1064nm laser pulses at the surface aarate of about 10 per second (Zuber et al.
1992. When the laser strikes the surface some fradion of the laser energy is
badscatered in the diredion of the spacecaft, and range is caculated from round-trip

travel time. From September 1997to June 2001, over 600 milli on data points have been



colleded. The MGS spacecaft isin anea-polar orbit with an inclination of 93° (Albeeet

al. 1998, so the density of coverage by MOLA increases with latitude.

Currently available digital elevation models (DEMs) of Mars, known as Experiment
Gridded Data Reaords (EGDRS), are aonstructed by taking the median observed
topagraphy within a spedfied degree aea At the time of writing, the highest resolution

EGDR is 1/32 degrees per pixel (Smith et al. 2007).

However, using datainterpolation techniques instead of cdculating median elevations
can result in higher-resolution DEMs. But, it should be noted that most common
interpolation algorithms were formulated to work with randomly distributed data (Watson
1992, and give visible atefadswhen applied to MOLA tradks. The data points within
eadh MOLA tradk are regularly spacel, and the tradks themselves are ather nealy
parallel to ead other or intersed ead other at alatitude-dependent angle. The dhalenge
isto find an agorithm that minimizes visual artefads and is quantitatively as acarate &

possble.

The godl of this projed wasto test several common interpolation techniques, namely
Delaunay-based linea interpolation, splining, neaest neighbour (also known as inverse
distance weighting), and natural neighbour. These techniques were gplied to MOLA
datafor qualitative testing. In addition, quantitative testing of smulated MOLA data

obtained from a complete DEM was performed.



2. Interpolation M ethods

2a. Linear Interpolation

Linea interpolation performs a Delaunay triangulation of a planar set of data points.
After the irregularly gridded data points have been triangulated, the surfacevalues are
interpolated to aregular grid. Given the values of some observable (f,i=1,...,3) at
the nodes of a Delaunay triangle (x, vi, 1 =1, . . . ,3), theinterpolated value & any point

(x, y) interior to the triangle is given by
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f(x,y) = Sfi(x Y, (1)

i=1

where f; (X, y) isa2-D basis function which varies linealy from a value of one & the
node (X, yi) to zero a nodes (x;, y;), (j * i) (Sambridge et al. 1995. Linea interpolation of

MOLA datawas performed using the Interadive Data Language (IDL) software.

2b. Sdining

Spliningis a airve fitting method, which fits aleast-cost mathematicd function through
observed data points (Hutchinson and Gesder 1994). Physicdly, it is smilar to fittinga
thin elastic shed through the given points; the values on its surfacebeamme the
interpolated data. Mathematicadly, a spline function z(x, y) satisfies the following

constraints;



Z(X YK) = Z for al data (X, Yk, z), k=1,n (2)

(1-tN*z-tN?z=0 elsewhere

wheretisthetension, 0 £t £ 1. Att =0, aminimum curvature solution is obtained, and t
= 1 yields a harmonic solution (Smith and Wessel 1990. To minimizevisible atefads, a

value of t = 0 was used.

For splining interpolation of MOLA data, the *surfacé program included in the Generic
Mapping Tools (GMT) padkage was used, with a maximum of 10° iterations per

computational cycle.

2c. Nearest Neighbou

In general, for every point of the output grid, aweighted average of n closest data points
is performed. The weighting fadtor used most frequently is 1/r%, wherer; is the distance

from the point being interpolated to the data point i (Eckstein 1989.

Thereisaneaest neighbour program available in the GMT padage; however, it
performs a sedor-based neighbour seach, which does not work well for MOLA dataif a
large n is used. Other widely avail able programs do not all ow the user to rigorously
define an output grid, or were found to have other problems. Asaresult, asimple
neaest-neighbour procedure was implemented in the C programming language. A vaue

of n = 50 and aweighting factor of 1/r% was used for all tests.



2d. Natural Neighbou

The natural neighbour interpolation method has ssme feaures in common with linea and
neaest neighbour techniques. In particular, it involves Delaunay triangulation and a
weighted average, but it successully avoids sosme of the problems of the dorementioned
techniques. It differs primarily by the method o neighbour seledion and the fad that

weights are based on propartionate aess, rather than distances (Sibson 1981).

The natural neighbours of any point are defined as those to which the point is conneded
by the sides of Delaunay triangles, or equivaently, those in the neighbouwring Voronoi
cdls. In the natural neighbour interpolation, a Voronoi diagram of existing data pointsis
constructed. Subsequently, anew Voronoi cdl is creaed abou the interpolation point. If
there ae n natural neighbours of the interpolation point, the overlap of the new Voronoi
cdl with the origina cdls creaesn new cdls. The normalized areaof the new cdlsis
used as aweighting fador for the natural neighbours. A concise summary of this

algorithm is available in Sambridge et al. (1995).

‘Natgrid’ isa natural neighbour interpolation pad<age which is part of the ‘ ngmath’
library distributed with NCAR Graphics. It contains both linea and non-linea
implementations of the natural neighbour algorithm. For this gudy, the linea version was
used, asit isroughly an order of magnitude faster, and no visual differences were

discerned between the two approades.



3. Qualitative analysis

Linea, splining, neaest neighbour, and natural neighbour techniques were used to
interpolate MOLA data of the Korolev crater region (161-167E, 72-74 N). The
interpolated DEM s generated using the ébove methods were visually compared for

visible atefads. Figure 1 shows the visuali zaion results.

[Insert figure 1 about here]

4. Quantitative analysis

For quantitative analysis, aDEM of apart of Icdand (15°45 —17°15 W, 64°35 —
66°10 N), produced by the Icdandic Geodetic Survey, was used. The genera concept is
to sample data from it smulating MOLA data aquisition, interpolate that data, and then

numericaly compare the interpolated DEM to the original DEM (figure 2).

[Insert figure 2 about here]

For step 1in figure 2, adual MOLA points were taken from the Korolev crater dataset.

In step 2, elevations from the Icdand DEM were assgned to these MOLA points. These

points were then used as input for the interpolation techniques.

[Insert figure 3 about here]



The output grids were aeded in low, medium, and high resolutions, corresponding to the
resolutions of 100Q 250, and 82 pxels/degreeon Mars. Figure 3 presents the
interpolations to the medium (250 pxels/degree grid. The resulting interpolated DEMs
were then compared to the original Icdand DEM on a point-by-point basis, and the mean

topagraphy differencewas cdculated as follows:

N

Mean topography difference= S abs(elewz; + elevl)) /N (3)

i=1

[Insert table 1 about here]

[Insert table 2 about here]

A summary of the mean topography differencesis $1own in table 1. In addition,

computational times were measured for ead algorithm, and are presented in table 2.

5. Discusson

The results indicate that the natural neighbour algorithm consistently outperformed other
techniques both quantitatively and qualitatively. Comparing the DEMs of the Korolev
crater produced by the four interpolation methods (figure 1), the DEM generated by the
natural neighbour algorithm clealy contains the fewest number of visible interpolation

artefads.



For the high resolution (1000 pxels/degred interpolation of Icdandic data, the natural
neighbou algorithm produced aredistic DEM with the fewest interpolation artefads. It
isalso very promising that the overall lowest mean topagraphy diff erence was achieved
by the natural neighbour high resolution interpolation (table 1). The splining algorithm

clealy did not work well for this resolution, and other methods had pronounced artefads.

For the medium resolution (250 pxels/degree interpolation (figure 3), the splining
algorithm yielded a DEM that appeas mostly artefad-free but is highly inacarate when
analysed numericdly. Both linea and neaest-neighbour methods result in alarge

number of visible atefads and are quantitatively inferior.

The only exception isthe low resolution (82 pxels/degred interpolation results, which
show a similar mean topography differencefor al four algorithms and, with the
exception of linea interpolation, have aroughly smilar visual appeaance However, we
anticipated that different interpolation methods would be best discriminated at high

resolutions, and converge & low resolutions, so these results are not unexpeded.

One disadvantage of the natural neighbour interpolation is that bad data points may not

be recmgnized in the interpolated DEM, because they are made to look like natural

feaures. Thus, it isimportant to eliminate bad data points prior to interpolation.
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6. Conclusion

While further quantitative testing is desirable, it is clea that the natural neighbour
algorithm yields excdlent results when applied to MOLA data. Additional investigation
in this areashould include testing of the natural neighbour algorithm on other known
DEMs and passbly combining it with the median observed topography technique. The
current results indicate that natural neighbour should be the dgorithm of choice when
acarragy and redistic gppeaance ae required, and splining can be used as a quick first-
order interpolation technique. Also, interpolations with higher resolutions and better
quality than those presented here ae now paossble with the recently released MOLA

datasets MGSL 20342054
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Figure 1. Interpolation techniques applied to the MOLA data of Korolev crater.

Clockwise from top left: natural neighbour, linea, neaest neighbour, splining. The

resolution is 200 pxels/degree
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Figure 2. 8) Random MOLA tradks are superimposed over the known DEM. b) Elevation
values are obtained from the DEM at ead MOLA point. An interpolated DEM is then

creaed from these points and compared to the original DEM.
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Figure 3. Medium resolution (equivalent to 250 pxels per degreeon Mars) interpolations.
From left to right: original DEM, natural neighbour interpolation, linea interpolation,
neaest neighbour interpolation (with n=50), splining (minimum curvature, max.

iterations per cycle = 10°).
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High resolution
interpolation
(1000 pxelddegred

Medium resolution
interpolation
(250 pxelddegred

Low resolution
interpolation
(82 pxelg/degree

Mean Standard Mean Standard Mean Standard
topagraphy | Deviation | topography | Deviation | topography | Deviation
difference difference difference
Natural 25.51 39.26 27.23 39.46 36.22 4321
neighbou
Linear 34.03 46.30 3243 45.61 34.64 47.36
Nearest 30.51 4381 3150 44.30 37.25 48.29
neighbou
Sdining 88.98 11649 4841 92.05 35.39 48.64

Table 1. Summary of the quantitative analysis of interpolation techniques. All values are

in metres. For the neaest neighbour tedhnique, the number of neaest neighbours (n) was

50. For splining, 10° maximum iterations per cycle were used.
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Interpolation algorithm

Exeaution time

Natural neighbour

02 hours 08 minutes 47.53 seands

Linea 00 hours 00 minutes 05.70 seands
Neaest neighbour 11 hours 09 minutes 11.58 seconds
Splining 00 hours 00 minutes 30.55 seands

Table 2. Exeaution times for the interpolation of 80 732 dhta pointsto produce aDEM

with aresolution of 200 pxels/degree
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