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ABSTRACT: 
 
This paper presents a comprehensive analysis of the topographic mapping capabilities of images from the Mars Exploration Rover 
2003 (MER) mission. The 3D measurement accuracies of Pancam (panoramic camera) and Navcam (navigation camera) stereo pairs 
are estimated using basic photogrammetric principles. The mapping capabilities of single-site panoramas, multi-site panoramas, and 
wide-baseline stereo images are analyzed based on the bundle adjustment technology. This analysis provides an overview of 
understanding the attainable geometric accuracies from the images and for best usage of the resultant mapping products during and 
after the MER mission. 
 
 

1. INTRODUCTION 

During the 2003 Mars Exploration Rover (MER) mission, the 
identical Spirit and Opportunity rovers landed on January 4 and 
January 25, respectively. As of February, 2007, they had been 
exploring their Gusev Crater (Spirit) and Meridiani Planum 
(Opportunity) landing sites for more than three years using 
identical science and engineering instrument payloads as shown 
in Figure 1 (Squyres et al., 2003, 2004; Arvidson et al., 2004). 
High accuracy in localization of the rovers and in mapping of 
the surrounding areas are of fundamental importance both for 
safe rover navigation and for achievement of scientific and 
engineering goals (Arvidson et al., 2004; Li at al., 2004, 2005). 
Among the payload instruments, Navcam (navigation camera) 
and Pancam (panoramic camera) are the ones most important 
for topographic mapping and rover localization. Navcam is an 
engineering stereo camera used for navigation purposes (Maki 
et al., 2003); it has two cameras mounted on the same camera 
bar of the rover mast as Pancam (see Figure 1). This bar can be 
rotated 360° in azimuth and ±90° in elevation, enabling the 
acquisition of full as well as partial panoramas. Pancam is a 
high-resolution, color stereo panoramic imager used for 
scientific investigation of the morphology, topography, geology 
etc, of the two landing sites (Bell et al., 2003). Each of its 
cameras (left and right) has eight multispectral channels with a 
400-1100 nm wavelength range. Since Pancam has a wider 
stereo base and a longer focal length, it is more effective in 
mapping medium-to-far objects. The Navcam and Pancam 
effective depths-of-field are 0.5m-to-infinity and 3m-to-infinity, 
respectively; their geometric parameters are listed in Table 1. 
 

 Navcam Pancam 
Stereo Base 20 cm 30 cm 
Focal Length 14.67 mm 43 mm 
Image 
Dimension 

1024 × 1024 
pixels 

1024 × 1024 
pixels 

Pixel Size 12 µm 12 µm 
Field of View 45° × 45° 16.8° × 16.8° 

 
Table 1. Parameters of the MER Navcam and Pancam cameras 

 
Figure 1. Illustration of the MER rover with its science and 

engineering payload instruments  
 
One of the important methods used for rover localization and 
topographic mapping is based on the bundle adjustment of an 
image network formed by Navcam and Pancam stereo images 
along the traverse. The overall technology is described in Li et 
al. (2004) with some technical details explained in papers by 
team members (Di and Li, 2004; Di et al., 2005; Xu, 2004; Xu 
et al., 2005). During the MER mission surface operations, The 
Ohio State University (OSU) team, in collaboration with the Jet 
Propulsion Laboratory (JPL) and other involved institutions, 
has been routinely producing topographic maps, rover traverse 
maps, and updated rover locations from rover images to support 
both tactical and strategic operations. This information has been 
provided by OSU through a web-based GIS and has been used 
for traverse planning and in various scientific investigations by 
mission scientists (Squyres et al., 2004; Arvidson et al., 2004). 
The initial mapping and rover localization results have been 
reported previously in Li et al. (2005, 2006) and Di et al. 
(2005). 
 



 

In order to understand the attainable accuracies of the mapping 
products and their most efficient usage during and after the 
mission, it is desirable to perform a detailed quantitative 
analysis of the topographic mapping capabilities of the MER 
Pancam and Navcam images. This analysis is also important for 
research on the integration of ground and orbital imagery at the 
MER landing sites, which will be critical for the advancement 
of the Mars mapping and rover localization technology. 
Therefore, this paper presents a comprehensive analysis of the 
MER Pancam and Navcam topographic mapping capabilities in 
a systematic way: from stereo pairs to a single panorama, then 
to multiple panoramas along the rover traverse, and finally to 
wide-baseline images.  
 
 

2. EXPECTED 3D MEASUREMENT ACCURACY OF 
NAVCAM AND PANCAM STEREO PAIRS 

 
Ranging errors of the Navcam and Pancam cameras were 
briefly discussed in Maki et al. (2003), where a 0.25 pixel 
correlation error was assumed. Here we give a detailed analysis 
of their 3D measurement accuracy both as to measurement error 
in the three directions as well as location of the object in the 
image. 
 
The “normal case” is a configuration of stereo cameras in which 
the two camera axes are parallel to each other and perpendicular 
to the baseline (Figure 2). Navcam has a 0.15° toe-in while 
Pancam has a 1° toe-in. They are both very close to the “normal 
case”. In addition to the original rover images, linearized 
images are provided to facilitate stereo image matching. The 
linearized stereo images are resampled according to epipolar 
geometry and the toe-in angles have also been eliminated 
(Alexander et al., 2006). Thus, linearized Navcam and Pancam 
images, which we use for mapping and localization during 
mission operations, are “normal case” images. Since the 
linearization process is based on accurate camera calibration 
results, the linearized images have the same mapping 
capabilities (difference is neglectable) as that of the original 
images. Therefore, it is appropriate to use the “normal case” 
configuration for analyzing the measurement accuracies of 
Navcam and Pancam images whether or not they are linearized. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2. Configuration of the “normal case” stereo pair 

 

In the “normal case” stereo image configuration, the 3D 
coordinates of an object point P(XP, YP, ZP) can be calculated 
using the following parallax equations: 
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where f is the focal length, B is the base line and p is the 
parallax, i.e., p = x - x′ (see Figure 2). Through error 
propagation, the accuracies (standard errors σX, σY, σZ) of the 
coordinates can be calculated as follows (Wang, 1990): 
 
 

p
P

Y Bf
Y

σσ
2

=  (2a) 

 

2

2

2

222

x
P

p
P

X f
Y

f
x

Bf
Y

σσσ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=  (2b) 

 

2

2

2

222

y
P

p
P

Z f
Y

f
y

Bf
Y

σσσ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=  (2c) 

 
 
where σp is the measurement error of parallax (i.e., 
correlation/matching error) and σx and σy are the measurement 
errors of the image coordinates in the horizontal and vertical 
directions, respectively. It is obvious that the range error (σY) is 
proportional to the square of the range (YP) and that the 
measurement errors in X and Z are dependent to not only the 
range, but also the position of the object in the image. At a 
given range, the minimum error of X lies on the vertical line 
passing through the image center (where x = 0), while the 
maximum errors of X lie on the left and right margins of the 
image. Similarly, at a given range, the minimum error of Z lies 
on the horizontal line passing through the image center (where y 
= 0), while the maximum errors of Z lie on the top and bottom 
margins of the image. It is interesting to note that the minimum 

errors in X and Z ( x
P

f
Y

σσ =x min  and y
P

f
Y

σσ =y min ) are 

the same as the ground resolution if we set σx = σy = 1 pixel.  
 
The parallax measurement accuracy is determined by the 
accuracy of image matching. According to a theoretical 
analysis, pixel-level image matching (correlation) has an 
accuracy of about 1/3 pixel (Zhang and Zhang, 1997), while 
least-squares matching has an even higher accuracy. Given σp = 
1/3 pixel, and σx = σy = 1 pixel, we calculate the standard errors 
at different ranges for Navcam and Pancam. Figure 3 and 
Figure 4 show the expected 3D measurement errors of Navcam 
and Pancam stereo pairs, respectively. Note that the minimum 
values of σX and σZ are the same at the same range, as are the 
maximum values of σX and σZ. From these figures, we can 
observe that the range (Y) error is always larger than that in the 
other two directions and is more severely affected by the 
distance from the object to the camera. Since range error is the 
dominant error, we use range error to discuss the general 
measurement error in the following text if the error is not 
explicitly specified as being in the X, Y, or Z direction. These 
figures indicate that the expected measurement error is 
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reasonable (< 2m) within a range of 38m for Navcam and 80m 
for Pancam, and that it is less than 1m within a range of 27m for 
Navcam and 55m for Pancam,. 
 

 
Figure 3. Expected 3D measurement errors for a Navcam stereo 

pair 
 

 
Figure 4. Expected 3D measurement errors for a Pancam stereo 

pair 
 
 

3. TOPOGRAPHIC MAPPING CAPABILITY 
ANALYSIS OF A SINGLE-SITE PANORAMA 

 
Both Spirit and Opportunity rovers took panoramas (360° or 
partial) and traversing stereo images at different positions 
(sites) along the traverse using Navcam and Pancam. The 
Pancam panoramas were acquired mainly at locations where 
substantial science explorations were needed; the Navcam 
panoramas were taken more frequently, at most of the sites. A 
typical 360° Navcam panorama consists of 10 stereo pairs (1 
tier × 10 wedges) with an overlap of e.g., 20% among adjacent 
pairs. A complete three tier 360° Pancam panorama consists of 
75 stereo pairs (3 tiers × 25 wedges) with a 10% overlap both in 
directions. Using these panoramas, we can produce local DTMs 
(digital terrain models) and orthophotos that cover an area of 
60m × 60m (Navcam) or 120m × 120m (Pancam) with a 
resolution of 1cm per pixel. Figure 5 shows a typical 
orthophoto; it was automatically generated from the Navcam 
panorama taken by Spirit rover on Sol 100. 

 
The mapping capability of a single-site panorama not only 
depends on the 3D measurement accuracy of stereo pairs (as 
analyzed above), but also depends on the accuracy and 
consistency of the pointing information of the adjacent stereo  

 
 

Figure 5. Orthophoto generated from Navcam images taken by 
Spirit on Sol 100 (60m × 60m, 1cm/pixel) 

 
pairs within the panorama. The pointing information of the 
images is generally consistent within one panorama. It is stored 
in the CAHVOR (for original images) or CAHV (for linearized 
images) camera model in the telemetry data (Yakimovsky and 
Cunningham, 1978; Gennery, 2001). To give a theoretical 
estimation of the mapping errors at different locations for an 
orthophoto or DTM, we use a co-variance matrix to depict the 
position error. In a local (site) coordinate system whose X-axis 
points to north and Y-axis points to east, the (X, Y) position can 
be calculate from range r and azimuth θ  using Equation 3 and 
its linearized form can be represented by Equation 4. 
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Based on Equation 4 and the error propagation law, we can 
easily derive the position co-variance matrix as follows. 
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Here, rσ can be calculate from Equation 2a by substituting r for 
Y. During MER operations, we observed that the azimuthal 
inconsistency between adjacent stereo pairs (caused by 
telemetry error and other errors such as camera calibration 
error) was about one pixel and that it was reduced to within one 
pixel after bundle adjustment where additional constraint is 
implemented which requires the length of the fixed stereo 
camera baseline be the calibrated constant (Di et al., 2004). 
Thus, we assume an azimuthal error of one-pixel, i.e., σθ  = tan-

1 (1 pixel/f) in this analysis. Based on the co-variance matrix 
calculated from Equation 5, the error ellipses of a Navcam 
orthophoto are shown in Figure 6. It is apparent that the 
position errors are mainly in the radial directions and are 
consistent with the measurement accuracy shown in Figure 3. 
The error ellipses of a Pancam orthophoto can be calculated in 
the same way. For a DTM, the horizontal accuracy is generally 
the same as the corresponding orthophoto, and the elevation 
accuracy is in general higher than the horizontal accuracy as 
explained in Section 2. 
 

 
Figure 6. Error ellipses of positions in a Navcam orthophoto 

 
In addition to the above theoretical analysis, the actual mapping 
accuracy of a single-site panorama can be estimated from data 
processing results. In the topographic mapping process, the 
CAHV models of the linearized images are converted to the 
conventional photogrammetric models (represented by interior 
and exterior orientation parameters) for 3D mapping (Di and Li, 
2004). Then a bundle adjustment of the entire panorama is 
performed to refine the exterior orientation parameters to ensure 
that the DTM and orthophoto generated from bundle-adjusted 
images are of high accuracy and geometrically seamless. 
Therefore, the accuracies of the single-site DTM and 
orthophoto can be represented by the accuracy of the bundle 
adjustment of the panorama.  
 
Since no absolute ground control is available on the Martian 
surface, the quality of the bundle adjustment is estimated by 
using discrepancies computed from adjacent image pairs where 
we have 2D image coordinates and 3D ground coordinates of 
the bundle-adjusted inter-stereo tie points (which link adjacent 
stereo pairs of the panorama (Xu, 2004). Specifically, the 3D 
accuracy is calculated from differences in the 3D ground 
coordinates of the inter-stereo tie points triangulated from 
different stereo pairs. The 2D accuracy is estimated using 
differences between the image coordinates in one image pair 
and those projected from the adjacent pairs. For example, for 

the Spirit panorama from Sol 100 (see Figure 5 for orthophoto), 
62 inter-stereo tie points were automatically selected and used 
in the bundle adjustment. These tie points are within 30m of the 
camera, and thus can be measured reliably. Before adjustment, 
2D accuracy was 1.43 pixels and 3D accuracy was 0.347m; 
after adjustment, 2D accuracy was 0.53 pixel and 3D accuracy 
was 0.344m. Both 2D and 3D accuracies were improved 
through the bundle adjustment; however, the improvement in 
2D was more significant. The sub-pixel accuracy of the single-
site panorama ensured the resultant orthophoto was 
geometrically seamless. The 3D accuracy at a certain range is 
generally consistent with the expected 3D measurement 
accuracy derived in Sections 2 and 3.  
 

4. TOPOGRAPHIC MAPPING CAPABILITY 
ANALYSIS OF MULTI-SITE PANORAMAS ALONG 

THE ROVER TRAVERSE 

In addition to individual DTMs and orthophotos generated at 
each rover position (site), we also produced a number of 
integrated DTMs using multi-site panoramas taken at different 
sites along the rover traverse. For example, starting Sol 576 and 
adding data sol by sol, we generated and expanded an 
integrated DTM for the Husband Hill summit area of the Spirit 
landing site using 3D ground points from multiple panoramas. 
The traverse segment lengths were 5m to 44m with most of the 
segments shorter than 18m. Recalling that the measurement 
error is expected to be less than 1m within a range of 27m for 
Navcam and 55m for Pancam, these traverse lengths help 
achieving the high quality of the ground points along the 
traverse. Figure 7 shows a 3D view of the integrated DTM of 
the Husband Hill summit area that was generated from multiple 
Navcam and Pancam panoramas from Sol 576 to Sol 609. This 
DTM covered an area of 230m × 180m with a 0.5m resolution. 
Contours with a 1m interval and the rover traverse are overlaid 
onto the DTM. The integrated DTM and the derived contour 
and slope maps were very useful in planning the rover traverse 
up to the summit of Husband Hill and down to the inner basin. 

 
Figure 7. 3D view of the DTM, contour lines, and Spirit rover 

traverse at the top of Husband Hill 
 
Similar to that for single-site panoramas, the accuracy of the 
integrated DTM generated from multiple panoramas depends on 
the 3D measurement accuracy of stereo pairs and the accuracy 
and consistency of the pointing information of the adjacent 
stereo pairs within one panorama. More importantly, the 
accuracy of the integrated DTM is heavily affected by the 
accuracy and consistency of the pointing information of images 
in different panoramas taken at different sites. In other words, 



 

the mapping capability of multi-site panoramas is determined 
both by the mapping capability of single-site panoramas and the 
rover localization accuracy at each site. Due to wheel slippage, 
azimuthal angle drift, and other navigation errors, pointing 
information of images taken at adjacent sites (usually tens of 
meters apart) often has noticeable or significant inconsistencies. 
The incremental bundle adjustment, which is our key 
technology for rover localization and mapping in the MER 
mission operations, has been able to eliminate or reduce these 
inconsistencies, thus ensuring the accuracy of the integrated 
DTM. Therefore, the mapping capability of multi-site 
panoramas can be represented by the accuracy of the bundle 
adjustment of multiple panoramas along the traverse.  
 
The bundle adjustment accuracy of multi-site panoramas is 
estimated by using discrepancies computed from 2D image 
coordinates and 3D ground coordinates of bundle-adjusted 
inter-stereo tie points and cross-site tie points (which link 
images between two adjacent sites (Xu, 2004). For most of the 
sites, the 2D accuracy after bundle adjustment is at a subpixel to 
one pixel level, and the 3D accuracy is at a centimeter to sub-
meter level. These typical values represent the relative accuracy 
between two adjacent sites. However, mapping and localization 
error accumulates as the rover moves along its traverse. Since 
there is no absolute ground control on the Martian surface at 
this time, it is impossible to know the absolute accuracy of 
long-range rover localization and mapping in the MER mission. 
Below, we use geo-rectified MOC NA (Mars Orbiter Camera 
Narrow Angle) images as an independent data source to have a 
comparison. 
 
As reported in Di et al. (2006), we compared the bundle-
adjusted Spirit rover traverse with part of the actual rover track 
that can be seen on a 1m-resolution MOC NA image mosaic 
(Release No. MOC2-960) acquired and processed by Malin 
Space Science Systems (Malin, 2005). The difference between 
the two rover tracks at the last point (Spirit’s Sol 183) was 12m 
(about 0.4% of the 3081m distance traveled from the lander). 
We also compared the bundle-adjusted location of Spirit rover 
on Sol 562 with a MOC NA image taken at Spirit’s Sol 652 in 
which the rover itself can be identified. A difference was found 
of about 20m, or 0.4% of the 4559m overall traverse from the 
lander. These differences consist of the georeferencing error of 
the multi-strip MOC base map along with the residuals of the 
bundle adjustment.. 
 
 

5. TOPOGRAPHIC MAPPING CAPABILITY 
ANALYSIS OF WIDE-BASELINE STEREO IMAGES 

In single-site or multi-site mapping, the 3D ground points were 
calculated from Navcam or Pancam stereo images that were 
acquired by left and right cameras separated by a “hard” 
baseline. Due to the ranging limitations of hard baseline stereo 
images (see Figures 3 and 4), wide-baseline stereo images were 
acquired at some locations in order to map far-range terrain for 
planning long term rover traverses. A wide-baseline stereo pair 
is formed by two or more images taken at two rover positions 
with a “soft” baseline that is much wider that the “hard” 
baseline. For example, at Home Plate of the Spirit landing site, 
in order to map the up-slope terrain of McCool Hill, wide-
baseline images were taken using Pancam at two sites about 8m 
apart: Site APFI (on Sols 774 and 775) and Site APGB (on Sols 
776 to 778). The images include 2-tier × 8-wedge Pancam red 
(stereo) and blue (single) images from both sites. Figure 8 is a 
mosaic of the images taken at Site APFI showing McCool Hill, 

whose summit is about 400m from the rover. Wide-baseline 
stereo pairs were established by a single image of Site APFI and 
another single image that had sufficient overlap from Site 
APGB. The 3D ground points were calculated from matched 
homologous points from wide-baseline stereo pairs using the 
bundle-adjusted exterior orientation parameters. A 1m-
resolution DTM was generated by using 24,262 ground points. 
A half-meter-interval contour map was then derived from the 
DTM; it is shown in Figure 9, in which the important terrain 
features (labeled with names) can be clearly identified. Figure 
10 shows a 3D view of the wide-baseline DTM of McCool Hill. 
 

 
Figure 8. Mosaic of Pancam images for wide-baseline mapping 

of McCool Hill 
 

 
 

Figure 9. DTM and contour map of McCool Hill 
 
The mapping accuracy of the wide-baseline images is reflected 
by the accuracy of the bundle adjustment of the two sites. All 
the stereo and single images at both sites were used in this 
bundle adjustment. Using 74 inter-stereo and cross-site tie 
points as check points, the accuracy was found to be 1.2 pixels 
in 2D and 0.87m in 3D after bundle adjustment; the bundle 
adjusted baseline was 7.70m. As a result, wide-baseline 
mapping significantly improved the mapping capability of rover 
stereo images from tens of meters to up to 400 meters. The 
successful employment of wide-baseline mapping technology 
enabled ground image-based long-term planning as well as 
scientific investigations of large terrain features (e.g., the 156m-
diameter Endurance Crater at the Opportunity landing site). It 
should be emphasized that the bundle adjustment is critical in 
wide-baseline mapping, because the baseline and relative 
orientations between the left and right images of a wide-
baseline stereo pair are not as fixed as those of the “hard” 
baseline stereo pairs and thus must be fine-tuned by the bundle 
adjustment to achieve a high level of accuracy. 
 



 

 
Figure 10. 3D view of the DTM of McCool Hill 

 
 

6. CONCLUSIONS 

This paper presents a relatively comprehensive analysis of the 
topographic mapping capabilities of the MER Navcam and 
Pancam images. The expected measurement error is less than 
1m within a range of 27m for Navcam stereo pairs and 55m for 
Pancam stereo pairs. After bundle adjustment, a single-site 
panorama was found to have a centimeter to sub-meter mapping 
accuracy within an area of 60m × 60m (Navcam) or 120m × 
120m (Pancam). The bundle-adjusted multi-site panoramas 
have a difference of 0.4% of the accumulated length of the 
rover traverse compared wit orbital images. Wide-baseline 
mapping with bundle adjustment has been found to significantly 
improve the mapping capability of the rover images. An 
example from the Spirit landing site has demonstrated that 
wide-baseline Pancam images with an 8m baseline can map far-
range terrain (up to 400m) with sub-meter accuracy. We hope 
this analysis is helpful for understanding the attainable 
accuracies of the MER rover images and for best usage of the 
mapping products during and after the MER mission. These 
accuracy analysis methods can also be used to evaluate the 
topographic mapping capabilities of the imaging sensors of 
future Mars landed missions. 
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