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a b s t r a c t

Topography over terrestrial or other planetary surfaces is an important base data for virtual reality

construction. In particular, with inaccessible topography such as the Martian surface, virtual reality

provides great value not only for public interaction but also for scientific research. For the latter application,

since field surveys are essential for the geological and geomorphological researches, the virtual reality

environment created based on verified topographic products provides an alternative solution for planetary

research.

The performance of virtual reality implementation over a planetary surface can be assessed by two

major factors: (1) The geodetically controlled base topographic products, such as DTM and ortho-image,

and (2) Technological integration of topographic products into virtual reality software and hardware.

For the first aspect, the multi-resolution stereo analysis approach has already provided a solid basis so that

specific topographic data sets over testing areas were generated by the hierarchical processor. To address

the second problem, a parallel processor with multiple screen display combining 3D display software was

employed in this research.

As demonstrated in this paper, the constructed Martian virtual environment showed highly detailed

features over the Athabasca Valles (one of former potential Mars Exploration Rover landing sites) and

Eberswalde crater (one of the main original landing candidates for the NASA’s rover mission scheduled to

launch in late 2011). The employment of such virtual reality environments is expected to be a powerful

simulator after integrating a 3D Martian model, engineering and environment constraints for Martian

geological and geomorphic researches including landing site selection and rover navigation.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

High-resolution satellite imagery and 3D topographic products
(e.g. digital terrain model (DTM)) constructed from orbital image
data have been recognized as important tools for investigating
planetary topography. Geological and geomorphological analyses
and interpretation can be performed effectively and precisely
(Warner et al., 2009, 2010a,b) exploiting such planetary 3D
topographic products. Therefore, in order to extract more detailed
information, orbital sensors capable of capturing images with
advanced spatial resolution should be employed in planetary
exploration missions. The High Resolution Imaging Science
Experiment (HiRISE) and Context Camera (CTX) onboard the Mars
Reconnaissance Orbiter (MRO) are successful examples. Due to
ll rights reserved.

x: þ82 222460186.
the advantage of improved orbital image quality, the construction
of 3D topographic products with higher spatial resolution has
also become achievable (Kirk et al., 2003, 2008; Kim and Muller,
2009).

The usage of high resolution topographic products is not only
beneficial for studying 3D structures and formation of geomor-
phological features, but it is also required for in-situ exploration
of the Martian surface, including the Martian rover’s landing site
selection and traverse navigation. For the application of landing
site selection, the topographic products are critical for investigat-
ing the scientific research interest and assessing engineering
constraints over candidate landing sites (Kirk et al., 2008). More-
over, the rover’s traversing and maneuvering were achieved in the
Martian environment simulation whose construction was based
on the imagery acquired by the panoramic camera installed on
the rover. Due to the viewing angle of the camera and the time for
data transferring and processing, the capability to pre-investigate
the exploration areas was limited. This issue can be addressed if
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the navigation simulator is enhanced with precisely controlled
topographic products from orbital stereo imagery.

As stated above, the key factor for successful geological analyses
and in-situ exploration is Martian topographic data with high spatial
resolution and photogrammetric quality. In order to fully utilize
various orbital images, the generalized algorithms of image proces-
sing and photogrammetric Mars DTM extraction have been devel-
oped and implemented by Kim and Muller (2009), in which a
non-rigorous sensor model and hierarchical geodetic control were
employed. Due to the successful ‘‘from coarse to fine’’ control strategy
performed during processing, stable horizontal and vertical photo-
grammetric accuracy of resultant Mars DTM was achieved compared
with Mars Obiter Laser Altimeter (MOLA) DTM. Recently, the algo-
rithms developed by Kim and Muller (2009) were further updated
by employing an advanced image matcher in matching iterative
window selection and improved sensor model strategy as described
in this paper. The algorithms have been successfully applied to CTX
and HiRISE stereo image data to produce DTMs and ortho-rectified
images. More details are given in the following section.

A virtual reality (VR) system is powerful tool allowing scientists
and public users to explore in a simulated environment. In order to
accomplish a simulation with high level of details, the quality of the
utilized topographic products plays an important role. Since the
updated photogrammetric processing line is capable of producing a
co-aligned geodetically topography, it is further proposed to estab-
lish a VR environment employing the topographic products created
in this study. The topographic data were incorporated into a VR
system provided by the Korea Institute of Science and Technology
Information (KISTI) and demonstrated over the potential Mars rover
landing sites.
2. Martian topographic data extraction and verification

Martian imagery and topographic data produced by stereo
processing comprise an essential basis for the establishment of
virtual reality. The first accurate systematic topographic measure-
ments were the Mars Orbiter Laser Altimeter (MOLA) experimenters
of Mars Global Surveyor (MGS) launched on the 7th of November
1996 (Smith et al., 2001). Given its high accuracy (Neumann et al.,
2001) achieved by the cross-over track analysis and global coverage,
the MOLA data is considered as the most consistent Mars DTM and
treated as a ‘‘base topography’’ (Heipke et al., 2007; Kim and Muller,
2008). However, the best resolution of MOLA DTM over area between
7881 latitude (463 m per pixel; Jaumann et al., 2007) is insufficient
for the purposes of this study.

The possibility of Martian stereo topography construction was
initially tested using stereo-pairs acquired by the Viking Orbiter and
Mars Orbiter Camera Narrow Angle (MOC-NA) for the landing site
survey of the Mars Exploration Rover (MER) by Kirk et al. (2003).
Then the HRSC instrument onboard ESA’s Mars Express, capable of
capturing images of 12.5 m spatial resolution, addressed the limita-
tion of available resolution and stereo image coverage over the
Martian surface (Albertz et al., 2005; Scholten et al., 2005). It was
further reported that the construction of Martian DTMs with grid
spacing of 30–75 m with HRSC stereo imagery was achievable
(Gwinner et al., 2007; Heipke et al., 2007; Kim and Muller, 2009).
It is worth noting that the photogrammetric processing strategy
using gridded MOLA DTM for HRSC guarantees very stably con-
trolled topographic products (Spiegel, 2007). Moreover, compared
with the MOLA DTM, the resolution of the HRSC DTM is significantly
improved and highly valuable as the photogrammetric reference
surface for the processing of other imagery.

In late 2006, the successful deployment of the NASA MRO with
the CTX and HiRISE instruments began to provide repeat-pass
stereo image pairs. The spatial resolution of acquired imagery was
further upgraded to 6 m and 25 cm, thereby providing an oppor-
tunity to produce very high resolution DTMs (Malin et al., 2007;
McEwen et al., 2007). Through the developed algorithms, Kim and
Muller (2009) produced CTX DTMs with grid spacing of 12–20 m.
For stereo HiRISE data processing, Kirk et al. (2008) and Kim and
Muller (2009) demonstrated that the resolution of processed
HiRISE DTM was up to one meter or even sub-meter level.

The topographic products introduced above provide great
value to scientists who need DTMs for diverse Mars explorations.
These data sets are obtained from different sensors and have
various characteristics. Therefore there will be additional benefits,
e.g. simultaneous observation of multiple topographic data, if
multiple topographic products can be correctly co-registered. To
achieve this, a robust geodetic control method was implemented.
Since the MOLA DTM provides an accurate global topographic
data set (Neumann et al., 2001), it is used as the reference surface.
The other DTMs are then aligned to fit MOLA. However, considering
the magnitude difference in DTM resolution between MOLA and
other DTMs, a hierarchical approach applying surface matching was
proposed. The HRSC DTM was first employed as an intermediate
data set and matched to the MOLA DTM. The matched HRSC DTM
was subsequently adopted as the reference surface in a surface
matching with CTX DTM. As the HRSC DTM could provide more
terrain features than MOLA and it had been co-registered with
MOLA, it was suitable to replace MOLA in the case of fusion with a
CTX DTM. In the same manner, the co-registered CTX DTM was
employed as the reference terrain model in a surface matching with
HiRISE DTM. As a result, a co-registration of all four DTMs was
achieved. This is the key idea of Kim and Muller’s (2009) approach,
and the technical details of geodetic matching between different
topographic data sets were provided in Lin et al. (2010).

2.1. Topographic data processing

Combining the accurate stereo matching system together with
the robust geodetic control, the resultant topographic products,
especially CTX and HiRISE DTMs and ortho-images, are proposed
as the base data for VR establishment. The detailed processing
schemes for HRSC, CTX and HiRISE data are described below.
2.1.1. HRSC processing

The extraction of HRSC DTM in this study was based on the
DLR-VICAR (Video Image Communication and Retrieval) com-
bined with an indigenous two-stage stereo image matcher. The
DLR-VICAR software was developed by the German Aerospace
Centre (DLR) and was employed for the photogrammetric proces-
sing of HRSC data (Scholten et al., 2005; Albertz et al., 2005). The
two-stage image matcher replacing the original matcher of DLR
VICAR in this research consisted of a front end image matcher
based on the algorithm developed by Zitnick and Kanade (2000)
together with the quasi epipolarity of the HRSC Level-2 data and
the subsequent refinement scheme by the Adaptive Least Squares
Correlation (ALSC; Gruen, 1985; Day and Muller, 1989), which
update the sub-pixel matching accuracy of high density seed
points derived from the front end matcher. The 3D coordinates of
the matched points were then computed by space intersection
component of DLR-VICAR photogrammetric processing routine.

The quality of image matching was largely influenced by the
quality of the ortho-images imported into the image matching step
and the applied matching parameters, such as matching window
size. Therefore to improve the matching accuracy, an iterative
strategy of image matching with a set of matching parameters in
hierarchical levels was carried out. This scheme was based on the
idea that the base DTM can be iteratively updated and the search
space and the window for matching cost calculation can be smaller
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at each iteration. Therefore, the topographic details were pre-
served, while matching blunders could be minimized.

2.1.2. CTX processing

For CTX processing, the full non-rigorous sensor model was
introduced. This approach has been used for the commercial satellite
imagery for decades and now possesses accuracy comparable to that
of the conventional physical sensor model, as demonstrated in many
photogrammetric applications (Dowman and Dolloff, 2000; Tao and
Hu, 2002; Fraser et al., 2006). Regarding the Martian data, Kim et al.
(2007) have examined the availability of a non-rigorous model for
the Martian imagery and showed that a ‘few pixels’ level positioning
error could be achieved.

For the task of geodetic control, as the resolution of HRSC data is
higher than MOLA products, and considering that the HRSC pixel
has an inherent planimetric accuracy of 25–40 m and a 3D space
intersection of up to 6–8 m vertical co-registration with MOLA
(Spiegel, 2007), Kim and Muller (2009) reported that the HRSC
intersection points and ortho imagery were capable of being
employed for the geodetic control of CTX and HiRISE. Therefore the
photogrammetric products from HRSC processing and co-registration
were used for the geodetic control of CTX stereo images.

The image matching of the CTX image processing is basically
identical to the HRSC matching scheme but employs the ‘‘bigger
matching window first’’ stereo matching strategy. When perform-
ing image matching for CTX, the matching results derived from
the biggest matching window were employed as the base data.
They were then compared against the matching outputs obtained
from the smaller matching window size in the next iteration.
Then the base data was replaced by the matching point produced
by a smaller window once the difference was within some critical
value decided by the limit of the local natural slope (451), which is
the criterion of natural geomorphology and matching error.

2.1.3. HiRISE processing

The main difficulty of HiRISE stereo processing occurred at the
data pre-processing stage, resulting from the special sensor structure.
At this stage it was necessary to combine 20 red CCD channels into a
single frame HiRISE image (i.e. a Level-1 HiRISE image). The other
issue was the removal of HiRISE camera distortion originating from
high frequency pointing oscillation, the so-called ‘‘jitter effect’’;
detector offsets also occurred between overlapping CCD detectors
(Kirk et al., 2008). To deal with the image deformation, a number of
functions in the Integrated Software for Imagers and Spectrometers
(ISIS) software (Anderson et al., 2004; USGS, 2009), such as ‘‘spacefit’’,
‘‘cam2cam’’, ‘‘noproj’’, etc., were performed to create an undistorted
Level-1 HiRISE image based on an idealized camera model (Kirk et al.,
2008). In addition, a complementary HiRISE image projected over the
Martian ellipsoid was produced (i.e., a Level-2 HiRISE image). The
Level-2 HiRISE images were subsequently used for control point setup
and stereo image matching. An add-on program was also developed
for the coordinate transformation and the reverse transformation
between the Level-1 and Level-2 HiRISE images.

With these procedures, the HiRISE photogrammetric proces-
sing employed the unified non-rigorous sensor modeling method.
For the geodetic control of the HiRISE non-sensor model, the DTM
and ortho-image products from the CTX processing line were
employed as reference data.

2.2. Test sites

Eberswalde crater is an impact crater located at 24.21S latitude
and 326.51E longitude in the southern highlands of Mars, near north
of Holden crater. The crater is a drainage basin of a �90 km-long
fluvial network where the channel system debouches into the crater,
and a �150 m-thick fan of material is distributed across 10 km by
25 km of the crater floor (Malin and Edgett, 2003), comprising lobes.
The deposit within crater is supposed to be a river delta formed
within a standing crater lake (Malin and Edgett, 2003; Moore et al.,
2003) or an alluvial fan (Jerolmack et al., 2004). In detail, Malin and
Edgett (2003) interpreted it as an exhumed and inverted remnant of
fluvial distributary network in late Noachian age. Moore et al. (2003)
estimated persistent 700 m3/s water based on the channel width
and meander wavelength. If the origin of water flow was the quasi-
periodic climate involving typical terrestrial-style precipitation, it
required 103–106 years to form the whole deposit according to their
assumption. A quantitative analysis of the exposed stratigraphy by
Lewis and Aharonson (2006) made the conclusion that the delta
likely formed not in a stable long-lived lake but over the course
of a small number of shorter lacustrine episodes, which were not
sustained at equilibrium conditions. Therefore, it was proposed as
one of the two finalists for the NASA’s rover mission scheduled to
land in August 2012 due to its clear fluvial origin. It is noted that the
quality of the DTM plays a key role for correctly determining fan
deposits and morphologic parameters of the channel network
system. Compared with the MOC-NA stereo pairs employed in
Moore et al. (2003) and Lewis and Aharonson (2006), the DTMs
reconstructed from high-resolution HiRISE and CTX stereo imagery
definitely improve the correctness and efficiency for geological and
morphologic analyses.

Athabasca Valles (center latitude and longitude of this area is
81N and 1561E, respectively) is a controversial area due to a
complex history of recent fluvial (Burr et al., 2002; Murray et al.,
2005) and volcanic (Plescia, 2003; Jaeger et al., 2007) activities.
The central Valles were likely formed by catastrophic flood,
which was dated into very recent geological activity, probably
originated from the groundwater eruption by the thermal activities
in Cerberus Fossae (Head et al., 2003). In addition, the teardrop
streamlined forms and the longitudinal lineation in the Athabasca
Valles were proposed as very supportive evidences for the recent
fluvial in the central channel as noted by Burr et al. (2002). On the
contrary, Jaeger et al. (2007) argued that polygonal, ridged flow
textures and widely populated cone structures (so called ring-
mound landforms) observed in detail by HiRISE image were the
results of thin low-viscosity fluid lava flow from the Cerberus. Later,
Jaeger et al. (2010) proposed a single eruption covering 250,000 km2

of western Elysium Planitia with an estimated 5000–7500 km3 of
mafic or ultramafic flood lava emplaced turbulently over a period of
only a few to several weeks.

Athabaca Valles was also the object of intense scrutiny as
surface ageing might be contaminated by the secondary craters
from Crater Zunil (McEwen et al., 2005). In addition to these
scientific interests, considering the engineering safety of a future
rover in the well-eroded and extremely flat geomorphology,
Athabasca Valles had been selected as a candidate for the landing
place for the Mars Exploration Rover. For all above topics about
the geological implication over Athabasca Valles, the multi-
resolution DTMs would provide crucial information, such as the
detailed 3D model of cones, the finest terrain over the floor of the
Valles, and the tear-drop shaped island structures.

2.3. Results and validation

The whole Eberswalde crater, including the origin of fluvial
channel, was covered with three HRSC orbital images (h2002_0000,
h2013_0000, h2024_0000) with 12.5 m nadir image resolution.
The DTM mosaic from these stereo images was constructed with
50 m and 70 m grid spacing at first. The main lobes of fluvial deposit
fans are well included with high quality CTX stereo coverage from
two stereo pairs (P01_001336_1560, P01_001534_1559 and B02_
010474_1558, P01_010553_1558). Topographic products including
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18 m grid spacing CTX DTMs and 6 m ortho-images were processed
individually with the geodetic control from HRSC DTMs. Subse-
quently the two stereo DTMs and ortho-images are mosaicked
together. It was found that a HiRISE stereo pair (PSP_001336_1560
and PSP_001534_1560) was located in the central part of CTX
topographic products. Additionally, another HiRISE pair with
ESP_018412_1560 and ESP_016777_1560 was published in the east-
ern part of the channel (see Fig. 1(a)). These HiRISE pairs were
processed into 2.1 m (ESP_018412_1560 and ESP_016777_1560)
and 3.7 m (PSP_001336_1560 and PSP_001534_1560) grid spacing,
according to the image quality based on the geodetic control
of CTX topographic products. The part of PSP_001336_1560 and
PSP_001534_1560 stereo coverage was processed into 1 m resolu-
tion DTM.

It was understood that high resolution DTMs are essential in
investigating the geological origin of Athabasca Valles area as well as
forecasting potential risks around the landing zone. The MOLA DTM
with 463 m does not show sufficient detail on Athabasca channel
geomorphology and streamline island shape, e.g. the boundary and
the depth of the channel for such purposes. However, the central
part of the channel is covered by a HRSC high-resolution image
(in Athabasca, h2099_0099) whose nadir image resolution is 12.5 m,
so the image matching scheme can have this image applied and
reconstruct 50 m DTMs. Then a CTX stereo DTM generated from
images P01_001540 and P02_001504_1889 can be extracted from
geodetic control using HRSC intersection points. At last, HiRISE DTM
Fig. 1. The coverage of CTX and HiRISE stereo over target areas. The background is co

Eberswalde crater. (b) CTX and HiRISE image coverage over the Athabasca Valles.
was constructed using PSP_001540_1890 and PSP_002371_1890
with the geodetic control from CTX DTM and ortho-image. The
image coverage over Athabasca test site is shown in Fig. 1(b). A DTM
with 2.5 m grid spacing and 40 cm ortho-image was extracted
for the whole HiRISE stereo coverage and then a refinement
was performed to upgrade the resolution of DTMs to 0.75 m for a
sub area.

The processed DTMs and ortho-images over Eberswalde crater
and Athabasca Valles are shown in Figs. 2 and 3, respectively. The
overlapped products in Eberswalde between CTX and HiRISE
stereo pairs are mosaicked together as shown in Fig. 2(b) and
(c). It is worthwhile noting that the resultant topographic pro-
ducts are purely made by the algorithm execution without any
manual editing. From the visual observation, the performance of
developed processing software is clearly demonstrated.

In order to show the potential of the stereo processing line, the
HRSC and CTX DTMs are processed to achieve the best possible
grid spacing. As a result, very few blunders are shown (as seen in
Figs. 2(a), (b) and 3(a), (b)) and the stability of the applied stereo
algorithms is proved. For HiRISE DTMs with the best grid spacing
up to sub-meter in Athabasca and Eberswalde (see Figs. 2(d)
and 3(d)), it is normally unavoidable to include a few artifacts
especially in the overlapped parts of each CCDs as shown in parts
labeled ‘‘A’’ of Figs. 2(d) and 3(d). This ‘‘jitter effect’’ originated
from the instability of camera pointing and amplified in every 20
CCD overlapped portion (refer to Kirk et al., 2008 for the detailed
lorized by height hill-shaded HRSC DTM. (a) CTX and HiRISE image coverage over



Fig. 2. The CTX and HiRISE topographic products of the Eberswalde crater. (a) 70 m resolution HRSC DTM over Eberswalde Crater (black box) and 50 m resolution refined

HRSC DTM (dotted box). (b) 18 m CTX DTM mosaic by two CTX stereo DTMs over Eberswalde. It should be noted there is no huge discontinuity (420 m vertically) crossing

two CTX Stereo DTMs. (c) Two HiRISE DTMs (left: 3.7 m resolution, right: 2.1 m resolution) mosaic over CTX stereo DTM background. See Fig. 9(a)–(c) for the detailed VR

implementations over E1, E2 and E3 subareas. (d) Refined 1 m HiRISE DTM over the part of lobes.
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description). Except for these artifacts, it is observed that the
HiRISE DTM did not include any distinguished faults as shown in
hill-shaded images.

Since the topographic products were created, another critical
issue is the determination of vertical and horizontal accuracy of
the products. As the cross-over inter-track control using least
squared fitting provided the absolute positioning accuracy for
each laser altimetry point measurement (Neumann et al., 2001)
over the IAU 2000 Martian ellipse, MOLA can be used not only
as the base control plane of all photogrammetric Martian
products but also as a good standard data set for the stereo
DTM assessments. However, in the assessment procedure using
MOLA height spots, it should be noted that there is difficulty in
comparing a variety of DTMs with different spatial resolutions.
Moreover, it is still not clear how the local height variation within
MOLA footprints affect the measured beam centroid, although
this issue was initially explored by Gardner (1992) and especially by
Neumann et al. (2003) and Kim and Muller (2008) for Martian case.

Considering the constraints described above, the topographic
products with a unified intermediate resolution, hereby 18 m, were



Fig. 3. The CTX and HiRISE topographic products in Athabasca Valles. (a) 50 m HRSC DTM over Athabasca Valles by DLR-VICAR photogrammetric S/W and our stereo

matching system. (b) 18 m resolution CTX DTM over central channel. (c) 2.5 m HiRISE DTM in teardrop island. See Fig. 9(d) and (e) for the detailed VR implementations

over A1 and A2 subareas. (d) 0.75 m refined DTM in sub area of Athabasca (middle east part of (c)). Note the artifact in left part by jitter effect.
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generated and compared with MOLA height points for determination
of accuracy. By oversampling of HRSC and CTX and downsampling
of HiRISE stereo height points to an identical 18 m resolution, the
artifact issue can be partly addressed. Then through profiles crossing
MOLA tracks and the comparison data sets, the differences between
the individual stereo and MOLA height can be determined. The
profiles illustrating in Eberswalde crater and Athabasca Valles are
shown, respectively, in Figs. 4 and 5.

The comparison results between MOLA height points and CTX
stereo DTMs demonstrated extremely good agreement except a
few rough topographies such as the apex of crater rim and the
crater bottom (labels B1–B3 in Fig. 4(b) and (c)). The relatively
large height discrepancies between MOLA and CTX DTMs in such
steep areas likely resulted from the ill behaved image matching
effects in the highly illuminated area of crater rim or the fully
shadowed crater bottom. On the other hand, the size difference
between MOLA footprint (about 150 m) and CTX stereo grid (o20 m)
can be proposed as another reason for the height discrepancy.

From the statistics, it was realized that mostly the height
difference between MOLA and CTX stereo DTM is within 10–30 m,
as listed in Table 1 and Figs. 4 and 5. Especially it should be noted
that the stereo height in the hydrological channels and the
deposits showed constantly low discrepancies compared with
MOLA within 10 m ranges (see labels C1–C5 in the track profiles
illustrated in Figs. 4 and 5).

The HiRISE DTM also showed good agreements with MOLA except
for small discrepancies over part of highly sloped area (Figs. 4(d),
(e) and 5(d)). The source of this height difference was probably the



Fig. 4. The MOLA track profile crossing Athabasca data sets. (a) The location of track profiles. (b) CTX comparison profile in MOLA track number 17055. (c) CTX comparison

profile in MOLA track number 18639. (d) MOLA comparison with HiRISE, CTX,HRSC in location 2. (e) MOLA comparison with HiRISE, CTX,HRSC in location 1.

Fig. 5. The MOLA track profile crossing Eberswalde data sets. (a) The location of track profiles. (b) CTX comparison profile in MOLA track number 15515. (c) CTX

comparison profile in MOLA track number 190667. (d) MOLA comparison with HiRISE, CTX,HRSC in location 1.
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height re-sampling effect from 1–18 m for the height comparison and
the MOLA laser beam interaction with local height variation (see the
detail discussion of such effects in Kim and Muller, 2008).
Additionally, in more intrinsic aspects, the reasons of height
discrepancy between stereo DTMs were summarized as: (1) the
different sensor modeling originated the tracking accuracy of



J.-R. Kim et al. / Computers & Geosciences 44 (2012) 184–195 191
different spacecrafts, which composed the initial sensor model,
and (2) incomplete geodetic control still exists especially in CTX
and HiRISE because of the significant resolution different between
CTX and HiRISE images. Refer to Kim and Muller (2009) about the
detailed description of these height differences and the influences
on topographic analysis.

The final issue in stereo DTM quality assessment is the geodetic
accuracy of mosaic products. In this study, two mosaic products, i.e.
mosaic DTM by two CTX stereo analyses and two HiRISE DTMs
superimposed over CTX DTMs, were produced. There are no bundle
block adjusted products but if individual stereo analysis is correctly
controlled, it should not include any significant offsets between
DTMs. Fig. 6(a) shows two profiles crossing HiRISE–CTX–HiRISE
mosaicked products of Fig. 2(c). The profiles include a little offsets
less than few meters between CTX–HIRISE and HiRISE–CTX bound-
aries. It is proof that CTX and HiRISE products which were
Table 1
Evaluation values of topographic products compared with MOLA.

HRSC-MOLA (m) CTX-MOLA (m) HIRISE-MOLA (m)

Athabasca Valles

Mean: �4.879 Mean: �4.179 Mean: 9.721

Max: 219.100 Max: 97.808 Max: 45.384

Min: �415.750 Min:�89.580 Min: �9.366

Stddev: 23.487 Stddev: 13.696 Stddev: 15.227

Eberswalde crater

Mean: �1.835 Mean: 9.973 Mean: 2.383

Max: 212.560 Max: 84.003 Max: 65.371

Min: �137.860 Min: �54.638 Min: �42.10

Stddev: 32.011 Stddev: 28.267 Stddev: 13.529

Fig. 6. The assessments of combined topographic products. (a) The height profiles in

height profiles in CTX and two HiRISE overlays with MOLA (see Fig. 2 to identify the p
individually extracted co-aligned in the identical absolute coordi-
nate. The MOLA track profiles passing CTX and HiRISE DTMs in
Fig. 6(b) is another strong evidence of the high geodetic quality of
stereo products because the discrepancies over CTX and HiRISE
DTMs demonstrate a few meter scale errors.

Conclusively, the overall stereo products employed for VR
implementation can provide a seamless and geodetically verified
exploration environment. It is the most distinguished merit of this
implementation.
3. Virtual reality implementation

Since the co-registration of multi-resolution DTMs was pre-
cisely achieved, an effective 3D visualization of the co-registered
DTMs is another important task. As the DTMs had already been
co-aligned on an identical reference system, they now could be
integrated altogether in a correct geodetic position. By adjusting
the data format and transparency, different sources of DTMs
could be readily applied to the hardware and software facilities
described below.

3.1. Hardware components

A typical simulation process requires volume data visualization.
Considering the usage of multiple high-resolution topographic
products, the visualization system developed in this study aimed
to employ supercomputing facility for manipulating terabyte (TB)
scale data. Moreover, a large-scale visualization environment was
proposed for efficient human–computer interaction. To this end,
cluster computer architecture was firstly organized, in which a total
CTX and two HiRISE overlays (see Fig. 2 to identify the profile locations). (b) The

rofile locations).



Fig. 7. Stereo view composition of the KISTI visualization system.
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of 90 InfiniBand connected rendering nodes QuadroFX5600 GPU
equipment with balanced 45TB file I/O are the main components.
For interactive virtual reality presentation, real-time rendering was
achieved by applying a high definition screen and 16 nodes of 4 core
2 socket Intel Xeon 5450 3.0 GHz system with NVIDIA Quad-
roFX5600 GPU. As shown in Fig. 7, the left and right eye stereo
view is constructed using two sets of 8 rendering nodes. For a large
scale presentation, four of the SONY projectors with 4096�2160
resolution were arranged to reach 18% overlapping. The projected
images were then blended with a 7308 pixels�2116 pixels resolu-
tion environment, so that they could be shown on a 2 m�7.2 m
interactive VR presentation screen.

3.2. Topographic data conversion

VR navigation has been implemented using DeltaGen software
developed by RealTimeTechnology (RTT, 2010) AG. The software
extensively adopted the cluster computer’s GPU computing
power to provide real-time global illumination. RTT suites and
the visualization system produced a unique visualization envir-
onment for typical CAD/CAS based industrial requirements.

To close the gap between interactive CAD data processing and
GeoTiff based topographical image processing, the GeoTiff data
were converted for VR navigation using commercial software.
With the software, the topographical data were converted to
StereoLithography (STL, Ennex, 1999). The texture mapping was
then performed using RTT DeltaGen again.
4. Results and discussion

The phenomenon of manipulation of Martian stereo products
using facilities provided by KISTI is recorded in Fig. 8. Due to the
powerful parallel processor, the 3D maneuvering of VR surface
was performed without time lag in the test scene. Judging
from the performance of the interactive control, it was found
that the constructed VR provided great potential not only to
replace the field trip but also to simulate the rover movements in
the compressed time domain. The base topographies created
in this paper for VR scene are shown in Fig. 9. It is observed
that the detailed landscapes are sufficient for the interpreta-
tion of Martian geomorphology. The interesting features, such
as hill side (Fig. 9(a) and (b)), meter scale terrace (Fig. 9(c)),
fractures (Fig. 9(d)) and small mound (see Fig. 9(e)), are well
presented.

However, the zooming up view from the ground surface as the
close height of stereo camera equipped on the rover revealed that
the performance of noise reduction and the current resolution of
3D topography were not fully addressed yet for some applica-
tions. As shown in Fig. 9(e), the detailed structures of cone shapes
are not fully described by virtual reality constructed from a 2–3 m
observer height. It means that stereo point cloud with higher
density (o1 point/1 m) is required for some simulated situations.
For example, the improved stereo height points are necessary for
the visual inspection of risk elements for rover navigation or the
interpretation of some detailed features for geomorphic research
from a sub-meter vertical height.

The other technical issue occurring in the constructed VR
scheme was the limitation of compatible format for rendering
comprehensive topographic data set. In general, the commercial
VR software manipulates the data set as the industrial vector
format. The format issue limits the manipulation of few square
km spatial data with 1.5 m grid spacing DTM and 40 cm resolu-
tion ortho-image (e.g. HiRISE stereo products). Thus, virtual
realities established in this research were only in sub-set part of
extracted data from the pre-processor.



Fig. 9. Detailed topographies of Martian VR. (a) Eberswalde region 1. (b) Eberswalde region 2. (c) Eberswalde region 3. (d) Athabasca region 1. (e) Athabasca region 2.

Fig. 8. Virtual Reality with Martian stereo products and facilities provided by KISTI.
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5. Conclusions

The work performed in this study demonstrates how contem-
porary modern photogrammetry and scientific visual technology
could be employed to reconstruct a virtual Martian surface. The
VR implementation was highlighted by geodetically controlled
topographic products covering medium to very high-resolution
topographic products. The capability is unique and highly valu-
able for quantity analyses in scientific researches. Moreover, the
high speed parallel processors connected to multiple beam projec-
tors and 3D pointing devices produced unique features for almost
real-time movement with a huge topographic input material in the
VR environment. In order to accomplish landing site section and the
rover transversing in the developed VR scheme, the close range
photogrammetric technique will be integrated with the high speed
simulator.

However, two problems remained unsolved in our VR imple-
mentation scheme. Firstly, the VR software does not support full



J.-R. Kim et al. / Computers & Geosciences 44 (2012) 184–195194
sets of topographic data processed in our stereo processing line.
Therefore employing an indigenous virtual environment based on
industrial standard such as Synthetic Environment Data Representa-
tion and Interchange Specification (SEDRIS, 2010) has been pro-
posed. The merit of the SEDRIS is that all environmental elements,
including atmospheric factors, topographic blunders and any other
risk elements, will be able to synthetically interact with the con-
structed topography. Secondly, improvement of spatial resolution of
the 3D products is required for some applications. Since the density of
stereo height points has reached the technical limit, other possible
solutions, e.g. multiple image shape from shading technique
(Lohse et al., 2006), will be further examined.

Conclusively, the quality of the topographic products created
in this paper has been verified adopting the quantitative analysis
and the visual evaluation conducted during VR implementation.
The integration of created topographic products and the proces-
sing facilities has demonstrated the feasibility although a number
of technical barriers for practical applications exist. To address the
issues, an upgrade based on the VR scheme will be carried out to
achieve an ultrafine Martian environment simulation. Also, the
overall parallelized and high accuracy topographic processor will
be continuously promoted for various possible applications.
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