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ABSTRACT: In the early 1990s, synthetic aperture radar onboard
Magellan spacecraft has imaged 54% of the Venusian surface in
the opposite-side stereo configuration while only 21% in the
same-side. Much of the data for the opposite-side radargrammetry (OSR) on Venus were underutilized due to higher topographic
distortion than the same-side radargrammetry (SSR). In this
paper, the performance and limitations of the OSR are demonstrated based on an example over Lullin impact crater, Venus. The
initial stereo match points are classified into three categories;
GOOD, BAD, and TOPO, and different methods are suggested for
each category to improve the quality of digital elevation model.
Large areas of gentle slope on Venusian volcanic plain can be successfully matched using conventional stereo-matching algorithm.
Image contrast of featureless surface can be improved by enlarging the master image patch at a cost of spatial resolution, while
high to moderate relief regions need further treatments such as
radarclinometry. Utilization of OSR is expected to provide additional DEM dataset of Venus and to give flexibility for the design
of future planetary SAR missions.
Key words: opposite-side, stereo, radargrammetry, digital elevation model,
synthetic aperture radar, Magellan, Venus

1. INTRODUCTION
In the early 1990s, synthetic aperture radar (SAR) onboard
Magellan spacecraft has revealed the surface of the planet
Venus which is surrounded with thick cloud that prohibited
observation from optical sensors (Saunders et al., 1990;
Saunders and Pettengill, 1991; Pettengill et al., 1991;
Johnson, 1991). During the Cycle 1 of the mission from
mid-September 1990 to mid-May 1991, Magellan SAR
covered 84% of the planet in left-looking mode so that the
direction of radar illumination was from west to east (Ford
et al., 1993). The resolution of the image varied from 100
m to 300 m due to elliptical orbit. During the Cycle 2 from
mid-May 1991 to mid-January 1992, Magellan SAR operated in right-looking mode (illumination from east to west)
to cover the south-pole and to fill the missing gaps left during the Cycle 1. Due to the technical problems caused by
overheating from sun-illumination, the amount of mapping
was less than that of the Cycle 1. However, Cycle 2 revisited 54% of the planet surface comprising opposite-side ste*Corresponding author: hoonyol@kangwon.ac.kr

reo pairs with the Cycle 1. Cycle 3, operated from midJanuary to mid-September 1992, was dedicated to the
same-side stereo mapping in left-looking mode similar to
Cycle 1 but with a reduced incidence angle. Only 21% of
the surface was revisited by the Cycle 3.
Same-side radargrammetry (SSR) uses two left-looking
images from the Cycle 1 and Cycle 3 obtained with
slightly different incidence angle. SSR has been widely
used by many researchers to generate high-resolution digital elevation map (DEM) of Venusian surface (Leberl et
al., 1991; Leberl et al., 1992). Other studies have also
used the SSR DEM to investigate the morphology and
topography of impact craters (Ekholm and Melosh, 2001;
Herrick and Forsberg-Taylor, 2003; Cochrane and Ghail,
2006), shield volcanoes (Connors, 1995; Hansen, 2005;
Herrick, 2005; Grindrod et al., 2010), and steep-sided
domes (Gleason et al., 2010).
Unlike SSR, opposite-side radargrammetry (OSR) uses
left- and right-looking SAR images as a stereo pair. OSR
has higher sensitivity to height than SSR but is difficult to
match the two SAR images due to severe topographic distortion. Conventional stereo matching algorithm fails on
high to moderate relief region (Fullerton et al., 1986; Lee
et al., 2003). Toutin (1996) recognized the availability of
OSR only over the regions of gentle slope on the Earth’s
surface. Large part of Venusian surface is covered with
fine sediment, and the surface erosion rate is very low
(Ford and Pettengill, 1992). Therefore, it is expected that
there are much more radar-dark and flat region on Venus
than Earth over which OSR can be applied successfully.
Compared with the 21% coverage of SSR, the 54% coverage of OSR data on Venus may have opportunity to
provide high resolution DEM, which has not been fully
exploited so far.
In this paper, the applicability and limitations of OSR
using Magellan SAR images on Venus is presented with
an example of Lullin impact crater. Section 2 describes
the stereo matching and classification methods for the
OSR. Section 3 describes the results and discussions on
various surface types, and suggests possible remedies
for the refinement of DEM. Section 4 concludes this
paper.
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2. METHODS
Firstly, a conventional computer-based stereo-matching
algorithm is applied to the OSR image pair. A small patch
from the master image is taken and cross-correlated with
the slave image, producing Normalized Cross-Correlation
(NCC) with its values ranging from −1 to 1. Three parameters can be produced from the matching algorithm: X-disparity, Y-disparity (image shift between two images in
horizontal and vertical direction, respectively) and SNR
(signal-to-noise ratio of normalized cross-correlation). The
X- and Y-disparity between two stereo images are determined by picking the shift point that gives the highest NCC
result. The SNR is defined to represent of the sharpness of
the NCC distribution over image shift. The three parameters
are used for the assessment of the quality and classification
of the matching results. The matching points are classified
into three categories (GOOD, BAD or TOPO) based on the
analysis of the three stereo-matching parameters such as
SNR, X-disparity and Y-disparity. More details on the stereo-matching and classification procedures are as follows.
2.1. Stereo Matching Parameters: X-disparity, Y-disparity
and SNR
In an ideal case where two stereo images are in the same
SAR coordinates (X in range direction, Y in azimuth direction, and the two orbits are parallel with each other), the
height information should be embedded in the range direction only so that X-disparity alone is a function of height.
In this case any deviation of Y-disparity found during the
stereo matching process can be used as a strong criterion for
the qualification of the matching results. This is equivalent
to an epi-polar constraint in optical stereo images that reduces
the search area from two-dimension to one-dimension, under
a condition that the exact imaging geometry is known.
Magellan full-resolution SAR images are distributed in
the FMAP format (Ford et al., 1993). It has been reported
that the location errors of the FMAP images can be several
hundred meters in azimuth direction even if the refined
altimeter and orbit information were used for the image
mosaicking process. This error would appear as a constant
in Y-disparity along the azimuth direction, which can be
compensated easily during the stereo-matching. More complicating factors are that the FMAP data is not in SAR coordinates and the orbits of the stereo pair are not parallel with
each other. X-disparity (dx) will be affected by the orbit
inclination angles (δ 1 and δ 2) which is measured positively
anti-clockwise from the Y-direction to the footprint of the
orbit on the image plane. In this case, height (h) also smears
into Y-disparity (dy) by the following equations:
0

0

dx = h ( cotθ 1 cosδ 1 – cotθ 2 cosδ 2 ) + dx0
0

0

dy = –h ( cotθ 1 sinδ 1 – cotθ 2 sinδ 2 ) + dy0

(1)

0

where θ 1 and θ 2 are the nominal incidence angles of two
images measured anti-clockwise. The signs of the two
angles are the same for a same-side stereo pair and different for an opposite-side stereo pair. dx0 and dy0 represent
the constant image shifts originated from image mosaic
error during the FMAP generation. If the orbit inclination
angles are zero then X-disparity will follow equations found
in many other literatures such as Fullerton et al. (1986) and
Toutin (1996). Y-disparity becomes zero in such case.
One way of representing the quality of peak selection
from the NCC map generated by the stereo-matching process is the signal-to-noise ratio (SNR) defined by
( 1 + NCCpeak )
SNR = ------------------------------------,
( 1 + NCCaverage )

(2)

which has the value range of [1, ∞). The SNR value is proportional to image contrast. For an extreme case of a constant
intensity within the patch, the value of cross-correlation
will be a constant over the search area producing the lowest SNR value possible, i.e., 1.
The three parameters induced from the initial matching
procedure (X-disparity, Y-disparity and SNR) can be used
to qualify the stereo matching points. X-disparity is used to
limit the height range by intentionally allowing a large
search area over the slave image during the initial stereo
match algorithm so that any matching point well beyond the
expected height range should be claimed as a bad match. As
X-disparity is largely a function of height when orbit inclination is small, as seen in (1), it usually serves as a weak
restriction on the assessment of image matching quality. On
the contrary, Y-disparity can serve as a strong restriction
when orbit inclination and mosaic error is considered properly. The acceptable Y-disparity range can vary over the image
especially when the area was mosaicked with several adjacent orbits. Even though Y-disparity is a function of height
in (1), the effect is relatively small when compared with Xdisparity. The search area for Y-disparity should be larger
than the expected Y-disparity so that it serves as a criterion
for image matching quality. The SNR is another important
parameter for the assessment of matching quality. Matching
points with low SNR are typically in low contrast area that
often produces bad match hoaxed by speckle noise.
2.2. Classification of Match Points into GOOD, BAD, and
TOPO
The three parameters (X-disparity, Y-disparity and SNR)
generated during the stereo matching process were used to
classify the initial stereo image matching points into GOOD,
BAD, and TOPO (Fig. 1). Flat areas with gentle slope having good image contrast will satisfy all three restrictions
showing X-, Y-disparity, and SNR within reasonable range.
The quality of DEM is good in these areas and thus categorized into GOOD. There are areas of very low contrast
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Table 1. Search ranges during stereo matching process and criterion for classification used in the example of Lullin impact crater
Variables
Azimuth Disparity (pixel)
Height (m)
SNR

Fig. 1. Schematic diagram for the classification of regions into
GOOD (white), BAD (gray), and TOPO (dary gray) according to
SNR, azimuth disparity and height (or, equivalently, range disparity)
criterions.

where topography is very gentle. These areas show typically low SNR, and X- and Y-disparity are out of bound,
and named as BAD. Areas of high to moderate slope have
high image contrast due to layover, radar-bright foreshortening, radar-dark enlargement, and shadow so that they usually have high SNR. However, they tend to have extreme
value of X-disparity and often have very random Y-disparity due to topographic distortion. This area is categorized as
TOPO. Adaptive treatments on those three categories can be
suggested, which will be discussed in the following section.
3. RESULTS AND DISCUSSION
An example of OSR in Lullin impact crater on Venus is
presented in this section and the results are compared with
those of SSR. The crater is located at 23.0°N and 81.3°E
between Leda Planitia and Niobe Planitia. The diameter of

Search Range
[−88, 88]
[−2000, 2000]
[1, ∞)

Criterion
[−5, 1]
[−500, 500]
>1.2

the crater rim is approximately 24.9 km. Three images of
the crater were acquired as shown in Figure 2: one is a leftlooking, Cycle 1 image with the incidence angle of 44.2°
(Fig. 2a), another is a right-looking, Cycle 2 image with the
incidence angle of −24.9° (Fig. 2b), and the other is a leftlooking Cycle 3 image with the incidence angle of 25.1°
(Fig. 2c). The first two images from Cycle 1 and 2 comprises an opposite-side (left- and right-looking) radargrammetric pair while the pair from Cycle 1 and Cycle 3 makes
a same-side (left-looking) pair. The search ranges of stereo
matching parameters (X-, Y-disparity and SNR) and the criterions for classification are listed in Table 1.
Figure 3 shows the DEM of Lullin impact crater generated from OSR and SSR (60 km × 60 km). Maximum height
difference between blue to red color is 1 km. Background
image is the left-look SAR from Cycle 1. Large area of crater ejecta, having bright image and high contrast, produce
reliable results from OSR. These gently sloping rough
surfaces are classified into GOOD accordingly as shown
in Figure 3a. Dark featureless areas, such as the halo surrounding the crater and the crater floor inside the rim,
show low image contrast and SNR and thus were classified into BAD (Fig. 3b). Central peaks and the crater
wall with steep slopes were classified into TOPO (Fig.
3c). The DEM obtained from SSR of the same area is
shown in Figure 3d for comparison. Note that the SSR
DEM has a missing orbit in the left part of the image.
More details on the surface characteristics and possible
remedies for radargrammetric processing on each category are discussed in the following section.

Fig. 2. Magellan SAR images of Lullin impact crater with the incidence angle of (a) 44.2°, left-look from Cycle 1, (b) 24.9°, right-look
from Cycle 2, and (c) 25.1°, left-look from Cycle 3. A stereo pair of (a) and (b) makes OSR while (a) and (c) comprises SSR. The size
of each image is 60 km × 60 km.
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Fig. 3. Pseudocolor DEM of Lullin
impact crater on Venus from OSR and
SSR (60 km × 60 km). The initial stereo-match results from OSR are classified into (a) GOOD, (b) BAD and (c)
TOPO while (d) shows GOOD points
from SSR. Height difference between
blue to red is 1 km from flat surroundings to the crater rim. Background is
the left-look SAR image from Cycle 1.

3.1. GOOD (High SNR and Consistent in X- and Y-disparity):
Gentle Slope
The quality of image-matching points classified into GOOD
is mostly satisfactory for DEM generation. The SNR is high
and the X- and Y-disparity are within a reasonable value
ranges. Those areas include flat surface where topographic
distortion is not severe and the image contrast is high enough.
The quality of DEM is comparable to SSR on gentle relief
area with much higher height sensitivity than SSR.
Venusian surface characteristics that fall into category of
GOOD are as follows. 1) Flat surface with a network of
cracks and faults. There are large Venusian plain with tectonic cracks embedded after the formation of catastrophic
resurfacing of basaltic Venus surface. 2) Multiple lava flows
with different age and composition. Many volcanic lava
features that spread over gentle slopes make high-contrast
SAR images. 3) Crater ejecta of impact crater with gentle
but rough slope. They appear bright and high-contrast in the
SAR images.
Further improvement in the horizontal resolution of DEM

can be achieved for the GOOD surface by reducing the size
of the master image patch during the stereo-matching process. A smaller search region over the slave image can also
be beneficial to computational cost. Eight times of the SAR
image resolution (both in the range and azimuth direction)
is generally accepted as the smallest patch size for a reliable
radargrammetric processing.
Meanwhile, FMAP was topographically corrected based
on a DEM previously obtained from the altimeters onboard
Pioneer Venus (1978−1992) and Venera probes (1961−1984).
The spatial resolution of those DEM is larger than 26 km.
The height obtained from the stereo FMAP data can be considered as a high-frequency residue over the altimeter data.
Therefore, the low-frequency altimeter data should be added
to the OSR or SSR results to obtain correct DEM. Magellan
spacecraft was also equipped with a radar altimeter that produced DEM at a resolution of about 13 km in N-S direction
and 20 km in E-W. The results of OSR DEM over the GOOD
surface are expected to considerably improve the resolution
of the existing altimeter data.
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3.2. BAD (Low SNR and Poor in X- and Y-disparity):
Featureless Flat Regions
BAD points occur at low image contrast area with low
SNR, as shown in Figure 3b. The NCC matching algorithm
is basically a feature matching algorithm so that no result
would occurs over a featureless area. Featureless image patch
will have low SNR and the X- and Y-disparity will have a
random value.
The following Venusian surfaces would fall into this category: 1) Flat featureless crater floor in the center of pristine
impact craters. Recent formation of radar-dark crater floor
by the melting of rocks and subsurface materials makes
very flat and smooth surface. Post-cratering tectonic features such as cracks and faults were yet to be developed. 2)
Aeolian sediments deposited over a flat surface or halo surrounding an impact crater. Winds may erode, transport and
deposit unconsolidated sediments which often produces low
contrast and SNR during the stereo image matching process.
The SNR in BAD area can be enhanced by increasing the
size of the master patch to attract more surface features at
a cost of spatial resolution. OSR would produce a DEM in
featureless rolling topography at a resolution still better than
altimeter data.
3.3. TOPO (High SNR, Poor in X- and Y-disparity): High
Relief Area
In a high relief area, the dramatic difference of imaging
geometry between the two opposite-side images will lead to
poor quality in X- and Y-disparity but still high SNR. These
areas are categorized into TOPO as shown in Figure 3c.
The feature mismatch becomes extremely large for OSR
because a foreshortened bright slope in one image would
appear as a dark slope in the other image. Falsely matched
X-disparity would be exceedingly large especially for convex or concave surfaces, which often exceeds the maximum
value range allowable. The computed DEM distribution
would be basically random due to dissimilar features on two
stereo images. The topographic distortion should be dealt
with carefully for a successful implementation of OSR on
high to moderate relief area.
There are several Venusian surface features that fall into
this category; 1) mountain ranges with moderate to high
slope, 2) symmetric graven features, 3) topography with
repeating pattern, 4) volcanic domes, ticks and crowns (collapsed domes).
Improvement of DEM over TOPO area is an on-going
challenge for OSR. Radarclinometry that uses a single SAR
image would be a good candidate, but is still unreliable due
to the inherent problems such as error propagation and surface inhomogeneity. It might be possible to restrict the error
propagation by applying radarclinometry within the TOPO
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area surrounded by the GOOD match points which serve as
a boundary condition for radarclinometry. Therefore classification of the initial stereo matching, as proposed in this
paper, would reduce the computational time and improve
the quality of DEM by selectively applying radarclinometry
to TOPO region only.
3.4. Comparison with Same-Side Radargrammetry
Although OSR has superior height sensitivity, SSR has
been favored for DEM generation due to the less-severe
geometric distortion as shown in Figure 3d. As SSR also
suffers from the geometric distortion in high slope area and
the low contrast over featureless flat region, the classification method for initial stereo match could be useful as well.
In this example, the pixels categorized into GOOD are more
than 90% of the whole area. There are a few TOPO regions
that occur mostly along the crater rim and the central peak.
The number of BAD points for SSR is similar with that of
OSR. Therefore, the classification and suggested remedies
for GOOD, TOPO and BAD categories can also be helpful
to improve the quality of SSR.
4. CONCLUSIONS
Magellan SAR data in OSR configuration, obtained over
54% of the Venusian surface, have been proved to be useful
to generate high quality DEM over terrains with gentle
slope and high image contrast. Classification of the initial
stereo-matching results into GOOD, BAD, and TOPO has
led to suggestions of different treatment for each category to
improve the quality of DEM from OSR as well as SSR. The
spatial resolution of DEM for GOOD region can be improved
by reducing the size of master image patch. Image contrast
of featureless and flat BAD area can be improved by enlarging the size of master image patch at a cost of spatial resolution.
The use of radarclinometry over TOPO area surrounded by
GOOD regions was suggested to overcome severe topographic distortion of OSR. The OSR would be helpful especially for planetary SAR missions with limited orbit and
hardware configurations such as Cassini mission on Titan.
Further development of OSR as well as SSR is expected to
provide operational flexibility for the design of future planetary and earth-bound SAR missions.
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