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Rigorous Photogrammetric Processing of HiRISE
Stereo Imagery for Mars Topographic Mapping
Rongxing Li, Juwon Hwangbo, Yunhang Chen, and Kaichang Di

Abstract—High-resolution (submeter) orbital imagers have
opened up new possibilities for Mars topographic mapping with
unprecedented precision. While the typical sensor model for
Martian orbiters has been the linear-array charge-coupled device (CCD), the High-Resolution Imaging Science Experiment
(HiRISE) instrument is based on a more complicated structure
involving a combination of 14 separate linear-array CCDs. To
take full advantage of this high-resolution capability without
compromising imaging geometry, we have developed a rigorous
photogrammetric model for HiRISE stereo image processing in
which third-order polynomials are used to model the change in
exterior-orientation parameters over time. A coarse-to-fine hierarchical matching approach was developed, and its performance was
evaluated based on manually matched image points and manually
measured features for a test area at the Mars Exploration Rover
Spirit landing site. Using automatically selected tie points, we performed bundle adjustment (BA) to improve the accuracy of image
pointing data and remove or reduce inconsistencies between the
stereo pair and inconsistencies between overlapping CCDs in the
same image mosaic. A method for the incorporation of jitter terms
into the BA was developed and proved to be effective. We created
a 1-m-resolution digital elevation model and an orthophoto using
this methodology and compared them with topographic products
from the U.S. Geological Survey.
Index Terms—Bundle adjustment, HiRISE, jitter, Mars, topographic mapping.

I. I NTRODUCTION

H

IGH-PRECISION topographic information is critical to
exploration of the Martian surface. Mars orbital (satellite)
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and ground (lander/rover) data have been used to generate global and local topographic information for landing-site
selection, precision landing, and surface operations in Mars
Exploration landed missions.
Before the Mars Global Surveyor (MGS) mission, the elevation and slope information of Mars topography was determined
by a photogrammetric method using Viking orbiter stereo images. The resulting vertical errors were as large as a number
of kilometers [1]. Currently, the best global Mars terrain model
was acquired using Mars Orbiter Laser Altimeter (MOLA) data.
The global MOLA terrain model has a spatial resolution of
about 1◦ (or 59 km at the equator) and an absolute vertical
accuracy of 13 m with respect to Mars’ center of mass [2]. This
precise terrain model has many applications in the geophysical,
geological, and atmospheric circulation studies of Mars. Most
importantly, from the mapping perspective, it provides a global
control for registering orbiter images from current and future
missions. In recent years, regional maps of certain important
sites have been generated using Mars Orbiter Camera (MOC)
images from the MGS mission and Thermal Emission Imaging
System images from the Mars Odyssey mission [3], [4]. The
topographic maps generated from MOC Narrow Angle (MOC
NA) stereo images have an estimated horizontal accuracy of
5 m and vertical accuracy of 1 m [5]. Shan et al. [6] reported their efforts in photogrammetric registration of MOC
NA imagery to MOLA profiles and automatic digital elevation
model (DEM) generation from MOC NA stereo images. Mars
Express’ High-Resolution Stereo Camera images have been
used to map the Martian surface at a resolution of 10 m
(high resolution) or 2 m (super resolution) in selected areas
[7], [8]. Recently, high-precision local topographic maps were
produced by using stereo images acquired by cameras mounted
on landers and rovers such as the Viking and Phoenix landers
and the Sojourner, Spirit, and Opportunity rovers [9], [10].
Lander localization and enhanced long-range rover localization
using combined orbiter and ground images and other onboard
sensors are reported in [11].
The availability of High-Resolution Imaging Science Experiment (HiRISE) stereo images from the Mars Reconnaissance
Orbiter (MRO) mission has allowed for unprecedented progress
in high-resolution imaging and enhanced capability of topographic and morphological mapping for Mars surface exploration [12], [13]. The ground resolution is as high as 0.3 m,
and stereo images are taken from adjacent orbits to form an
across-track stereo pair. Several efforts examining different
strategies have been made to take advantage of this new technology for deriving high-quality topographic mapping products
of Mars. The U.S. Geological Survey (USGS) Astrogeology
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team employed their in-house-developed Integrated Software
for Imagers and Spectrometers (ISIS) system and SOCET
SET, a commercially available photogrammetry workstation, to
process HiRISE stereo imagery for topographic mapping [14].
In their approach, HiRISE images are ingested into ISIS where
they are radiometrically calibrated, geometrically projected
(including removal of jitter effect), and mosaicked into a single
image so that they can be processed in SOCET SET using a
“generic” sensor model [15]. The photogrammetric processing
steps, which include bundle adjustment (BA), stereo matching,
DEM generation, and editing, are performed in SOCET SET
[14]. A guest facility has been established in Flagstaff, AZ,
where NASA-supported planetary scientists can implement
this strategy, using ISIS and SOCET SET to generate DEMs
using a variety of stereo images in support of their individual research projects [16]. A large and growing set of
DEMs made at the USGS and University of Arizona are
now available at http://hirise.lpl.arizona.edu/dtm/. However, the
SOCET SET stereo workstation remains very expensive for
most users.
A group of researchers at University College London have
developed a progressive strategy for HiRISE stereo processing
based on a nonrigorous sensor model (polynomial model) and
ISIS preprocessing [17]. The Intelligent Robotics Group at
the NASA Ames Research Center has been developing the
Ames Stereo Pipeline (ASP) to generate DEMs and orthoimages from planetary stereo image pairs; they have made ASP
publicly available [18], [19]. Similar to the aforementioned approaches, the HiRISE images [from individual charge-coupled
devices (CCDs)] are radiometrically calibrated, geometrically
projected, and assembled into a combined image in ISIS. Afterward, these corrected and combined HiRISE images are bundle
adjusted and matched for DEM generation in ASP [18], [19].
From the perspective of photogrammetry, modeling, and processing, the original stereo images along with rigorous sensor
model should offer the potential to generate more accurate
3-D measurements and DEMs. Since, currently, no software
application is available that can directly handle the geometric
complexity of the HiRISE sensor model, we decided to implement the rigorous HiRISE sensor model and process the
original HiRISE images which correspond to individual CCDs
for topographic mapping. Our approach consists of image processing, image matching, BA, and topographic map or model
generation. For image processing, radiometric enhancement
is conducted to remove systematic noise in the raw images.
Then, automatic hierarchical image matching is performed. The
subsequent BA aims at removing the inconsistencies between
HiRISE stereo images by adjusting their exterior-orientation
(EO) parameters based on the rigorous photogrammetric model
[20], [21]. Finally, DEM and orthophoto products can be
generated from the stereo HiRISE images using the bundleadjusted EO parameters. A comparison of our resulting DEM
with that from the USGS was also performed. The produced
DEMs and slope maps have been used to support operations of
Spirit and Opportunity rovers and science data analysis of the
Mars Exploration Rover (MER) mission [11], [20], [24]. More
DEMs will be made available to planetary researchers in the
near future.
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Fig. 1. Reference frames.

II. R IGOROUS M ODELING OF HiRISE S TEREO G EOMETRY
In order to model the geometry of HiRISE imagery rigorously, we collected information from previous research on
relevant coordinate frames as well as interior orientation (IO)
and EO parameters of the imagery [14]. Then, we established
a rigorous geometric model in which a ground point is transformed to its image point through collinearity equations using
the IO and EO parameters.

A. Coordinate Frames
Spacecraft, Planet, Instrument, C-matrix, and Events
(SPICE) kernels are extensively used to calculate the HiRISE
EO parameters. Designed and implemented by the Navigation
and Ancillary Information Facility at NASA, SPICE is used
throughout the life cycle of NASA planetary science missions
to help scientists and engineers design missions, plan scientific
observations, analyze scientific data, and conduct various engineering functions associated with flight projects [22]. Several
different reference frames are taken into consideration to recover HiRISE EO parameters from a SPICE kernel (Fig. 1). A
Mars body-fixed (MBF) frame specified in the SPICE kernel is
the reference frame on which the relative position and orientation of the MRO spacecraft frame is defined [22]. MBF is based
on the Mean Mars Equator and IAU vector of Date computed
using the IAU 2000 Mars rotation constant [23]. The HiRISE
frame is used to compute the pixel-view direction of the HiRISE
image. Its orientation with respect to the MRO spacecraft frame
is provided in the preliminary in-flight alignment results that
can be found in the MRO Frames Kernel [22].
The introduced photogrammetric processing of HiRISE imagery is based on the MBF frame. At our test regions of the
landing sites of the two MER rovers, we also transformed
the HiRISE topographic products to the Landing Site Cartographic (LSC) coordinate frames, to facilitate comparison
with mapping products generated from rover images. The LSC
coordinate frame is an east–north–up (X–Y –Z) right-handed
local system with its origin at the lander [24]. For example,
the LSC frame at the Gusev Crater landing site is centered on
the Spirit lander or (14.571892◦ S, 175.47848◦ E) in the MBF
system.
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the column position are used to calculate the physical position
of each pixel in the HiRISE frame [14].
C. Exterior Orientation of HiRISE Imagery

Fig. 2. HiRISE CCD layout (after [14]).

B. HiRISE Imaging Geometry
HiRISE is a push-broom imaging sensor with 14 CCDs (ten
red, two blue green, and two near infrared). Each CCD consists
of a block of 2048 pixels in the across-track direction and
128 pixels in the along-track direction. Ten CCDs covering the
red spectrum (700 nm) are located in the middle (Fig. 2) [12],
[14], [25]. At the altitude of 300 km, the resolution of HiRISE
images is 30 cm/pixel.
In the across-track direction, the average width of the overlap between adjacent CCDs is about 48 pixels. However, the
alignment of the CCDs involves small shifts and rotations
with regard to the HiRISE optical axis. After the exclusion of
overlapping pixels, HiRISE can generate images with a swath
of up to 20 264 pixels (across track) [12], [25]. At such a high
resolution, the instantaneous field-of-view is extremely small,
and as a result, the ground-track speed is very fast. To improve
the signal strength of “fast-moving” objects and to increase the
exposure time, time-delay integration (TDI) technology was
incorporated in the instrument using 128 CCD lines in the
along-track direction. As the MRO spacecraft moves above the
surface of Mars, TDI integrates the signal as it passes across
the CCD detector by shifting the accumulated signal into the
next row (line) of the CCD at the same rate as the image moves
(a line rate of 13 000 lines/s or 1 line every 76 μs). Signals
in each TDI block are transferred from line to line at groundtrack speed. A single pixel is formed by accumulating signals
from the TDI block. HiRISE can use 8, 32, 64, or 128 TDI
stages to match scene radiance to the CCD full-well capacity.
According to the HiRISE instrument kernel, the observation
time of a single pixel is defined as the Ephemeris Time when
the center of the TDI block is exposed.
IO parameters define the intrinsic setting of the camera
system. Once calibrated, they are assumed to be constant and all
image lines share the same IO parameters [26]. The calibrated
IO parameters were determined by Kirk et al. [14] and appear
in the SPICE instrument kernel. These parameters include calibrated focal length, radial optical-distortion coefficients, focal
plane position, and angular orientation of each of the CCD
detectors with respect to the axis of optical distortion. They are
used to calculate the pixel-view direction with respect to the
HiRISE frame. In the raw image, the row position of each pixel
is related to the Ephemeris Time, which then determines the
position and orientation of the HiRISE frame. The CCD ID and

EO parameters, or the positions of the camera perspective
center and pointing angles at a specific time, are provided in
the SPICE kernels. The EO parameters of each image line are
different and can be retrieved by interpolating the spacecraft’s
trajectory and pointing vectors based on the observation time.
In order to retrieve EO parameters for a specific CCD image,
its number of image lines along with the starting and ending
times need to be plugged into the SPICE kernel. The kernel
will then output a file containing the EO parameters for all of
the image lines of this CCD. For instance, there will be ten EO
files for a red-band HiRISE mosaic. However, since all CCDs
are fixed to the HiRISE focal plane, they will all share the same
EO parameters at any one moment in time. This significant
characteristic makes it possible to uniformly model EO parameters from different CCDs. Thus, images simultaneously
acquired by multiple CCD arrays can be processed together
under one rigorous sensor model in the BA instead of being
processed strip by strip separately.
To apply the aforementioned strategy, one CCD strip must
be designated as the reference strip; this strip can be chosen
arbitrarily. Then, the offsets between the other CCD strips
and the reference strip can be calculated by a line-by-line
comparison of their EO data. The line (row) index of the
EO parameters of the reference strip starts at zero. For the other
(nonreference) strips, the physical offset between the reference
strip and any nonreference strip, as described by IO parameters,
makes it image the same part of Mars at a slightly different time.
However, for any one CCD, there is a simple connection from
line number to time to the exterior orientation; this will be the
same for each of the CCDs. That is, the time difference between
the reference strip and any nonreference strip is a constant value
that is proportional to the offset between the two strips.
Previous research has shown that the change in EO parameters over relatively short trajectories can be modeled using
polynomials [20], [21], [27]. In this research, third-order polynomials are used to model this change
Xic =a0 +a1 t+a2 t2 +a3 t3

ωic = d0 +d1 t+d2 t2 +d3 t3

Yic =b0 +b1 t+b2 t2 +b3 t3

ϕci = e0 +e1 t+e2 t2 +e3 t3

Zic =c0 +c1 t+c2 t2 +c3 t3

κci = f0 +f1 t+f2 t2 +f3 t3 (1)

where (Xic , Yic , Zic ) is the position of the perspective center of
the optical system for the ith line in MBF, ωic , ϕci , and κci are
the pointing angles of the camera corresponding to the ith line
about the coordinate axes of X, Y , and Z of MBF, a0 , . . . , f3
are the polynomial coefficients, and t is the time-dependent
image line index number.
Given EO parameters for each line from the SPICE kernel
(telemetry), differences between the EO parameters of the
telemetry and the computation from (1) can be calculated.
The EO parameters of a data set with 80 000 lines of a single CCD were used to estimate the coefficients in (1). The
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Fig. 3.

2561

Differences between telemetry EO parameters and EO parameters calculated from third-order polynomials.

differences are shown in Fig. 3, where it can be seen that the
polynomial model fits the position parameters extremely well,
having residuals of only about 10−5 m. However, the residuals
for the image-pointing parameters are significant, indicating
that the image-pointing parameters cannot be fully modeled
by the polynomials. These residuals may also partially signify
the existence of jitter effect, which was earlier identified in
the MOC images [4] and also found in the HiRISE imagery
[14]. Causes of jitter include spacecraft vibrations associated
with solar panels or a particular instrument, thermal changes,
or other impacting factors.
The effect of the aforementioned inconsistencies or residuals of the camera pointing angles needs to be evaluated for
the topographic mapping capability analysis of the HiRISE
camera and needs to be considered in the sensor model in
order to achieve the highest mapping accuracy. To study this
effect, an image point (x, y)j on the ith image line is projected onto the Martian surface to calculate its ground cousing telemetry EO data under
ordinates (X, Y, Z)Telemetry
j
the assumption that the Martian surface is a sphere with the
radius derived from the nearest MOLA point. Another footprint
of the same image point is projected using
(X, Y, Z)Polynomial
j
EO parameters calculated from the third-order polynomials
under the same spherical assumption. The difference between
and (X, Y, Z)Polynomial
should represent
(X, Y, Z)Telemetry
j
j
the effect of the inconsistencies between the pointing angles
from the telemetry data and the polynomial model. This effect
should also include the jitter effect that cannot be modeled, for
example, in a BA. The same difference can also be estimated
for other image lines in the strip (i + 1, . . . , n). A maximum
difference of 2 m (corresponding to seven pixels on the image)
was detected between the two footprints in a 20-km track at the
Spirit rover landing site (observation ID: PSP_001513_1655).

Matson et al. [28] evaluated the HiRISE jitter motion effects in image space by measuring the time-varying “offset”
of the same features between adjacent CCDs. The x- and
y-components of the offset data were then used to determine the
corrections in roll and pitch angles. Finally, the new pointing
data were merged into the original pointing information, and
the image was resampled to produce a jitter-corrected image.
We have developed a different method to correct for the inconsistencies. Since they cannot be modeled and corrected in
BA, we compensate them by introducing three high-frequency
terms [Ω(t), Φ(t), K(t)] in the polynomials describing the EO
parameters over short trajectories [(1)]
Xic =a0 +a1 t+a2 t2 +a3 t3 ωic = d0 +d1 t+d2 t2 +d3 t3 +Ω(t)
Yic =b0 +b1 t+b2 t2 +b3 t3 ϕci = e0 +e1 t+e2 t2 +e3 t3 +Φ(t)
Zic =c0 +c1 t+c2 t2 +c3 t3 κci = f0 +f1 t+f2 t2 +f3 t3 +K(t)
(2)
where Ω(t), Φ(t), and K(t) are the differences of the three
pointing angles from SPICE and the polynomials at time t.
Equation (2) will be used in the BA model.
Based on the calibrated IO and the previously modeled EO,
a rigorous geometric model is established to relate an image
point, e.g., the jth image point on a given CCD at time t, to
the corresponding ground point via the following collinearity
equations:
xj +f

a11 (Xj −X c )+a12 (Yj −Y c )+a13 (Zj −Z c )
=0
a31 (Xj −X c )+a32 (Yj −Y c )+a33 (Zj −Z c )

yj +f

a21 (Xj −X c )+a22 (Yj −Y c )+a23 (Zj −Z c )
= 0 (3)
a31 (Xj −X c )+a32 (Yj −Y c )+a33 (Zj −Z c )
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Fig. 4. Workflow of the hierarchical stereo matching process.

where the variables are defined as follows: xj is the alongtrack image coordinate on the focal plane of the jth point; yj
is the corresponding across-track image coordinate of the ith
point; (Xj , Yj , Zj ) are the ground coordinates of the jth point;
(Xic , Yic , Zic ) are the ground coordinates of the perspective
center of the camera; (a11 , . . . , a33 ) are the elements of the
rotation matrix of the camera formed by the pointing angles;
and f is the focal length of the camera. The perspective center
ground coordinates and the pointing angles are further modeled
by the polynomials through time t in (2).
Given a stereo pair of HiRISE images, 3-D ground coordinates can be calculated from corresponding image points
on the stereo images through space intersection based on the
collinearity equations which access the IO and corresponding
EO parameters of images on various CCDs in a transparent way.
III. P HOTOGRAMMETRIC P ROCESSING
OF HiRISE S TEREO I MAGES
Using (1)–(3), we can rigorously model the relationship
between the measured image point and the ground point. We
implemented the aforementioned photogrammetric processing
method as a software system for topographic product generation from stereo HiRISE images. We use an image matching
method to find corresponding image points on stereo images
automatically, which can be consequently used for tie point
selection in a BA method that adjusts the EO parameters to
remove geometric inconsistencies between the HiRISE stereo
images so as to improve the accuracy of the imaging geometry.
We also developed a hierarchical approach of interest-point
generation and matching and dense grid-point matching for
production of high-quality DEMs and orthophotos.
A. Image Matching and Tie-Point Generation
In order to perform BA of a stereo pair of image strips,
a set of tie points that appear in both image strips need to

be defined and measured. We have developed a coarse-to-fine
hierarchical stereo matching process to generate and match tie
points from raw stereo HiRISE images (Fig. 4). Raw HiRISE
images contain systematic noise such as offset in the image data
numbers, dark current, and column-to-column gain variations
[15]. In HiRISE Experiment Data Record data sets, the image
acquired by each CCD strip (14 in total) is stored as two
subimage strips, each of which is 1024 pixels wide. Brightness
values of the two subimage strips may be inconsistent. Our
image preprocessing begins with adjusting brightness values
and then combining them together into one image with a 2048pixel-wide swath. Afterward, systematic noises including vertical strip-pattern noises are removed from each image swath.
Then, radiometric enhancement is conducted to improve the
contrast of the images using a linear stretch method. There are
also inconsistencies in the signal strength between the acrosstrack CCD arrays, which can create dark currents or strip noises
at particular columns. Such systematic noise is also removed
in the preprocessing stage since the image preprocessing is
performed in a standard way within all image swathes so that
they have about the same radiometric image quality which
would not affect the subsequent matching and create “steps”
in the cross-CCD boundary regions.
Then, a five-level hierarchical image pyramid is constructed.
Starting with the original image, each subsequent level is created by subsampling the previous level’s image and smoothing
it using a Gaussian filter. Interest points are generated by a
Förstner operator at every image scale level [29]. They present
the main terrain information detected at different scale levels.
Matching of the detected interest points in a stereo pair is
first conducted at the lowest level of resolution. The result
is then transferred to the next level (of higher resolution)
where additional interest points are extracted and matched. This
process repeats itself to the level of the original images. At each
scale level, the search for corresponding points in another image
can be constrained from some knowledge of terrain. Before any
image matching is performed, we assume that the terrain is
flat at the lowest resolution. This enables a reasonable search
range for automatic pairing of interest points in stereo images.
As more interest points are generated and matched at the next
level, better terrain knowledge is also available for search range
reduction and matching quality enhancement.
Automatic error detection is performed at each level by
eliminating outliers based on the evaluation of the elevation
of each point when compared with neighboring points. For
each point, a small local DEM surface is constructed from
the matched points and modeled as a 3-D plane. Then, the
standard deviation of the estimated plane σ is calculated. Each
point within the small area is checked whether it is on the
plane. If the difference exceeds 2σ, the corresponding point is
eliminated.
At a subsequent level, points from the previous level are
matched again to achieve a higher matching precision. A
triangulated irregular network (TIN) surface of parallaxes
is generated from these matched points using the Delaunay
triangulation method. This TIN is used to estimate the correspondence of additional interest points. To improve matching
performance for points located around the boundary of each
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CCD, the HiRISE imaging geometry is fully utilized to model
points in the overlapping strip of two adjacent CCDs. The
points are employed to “stitch” together the adjacent TIN
surfaces by the software and produce a high-quality transition
between CCDs in the DEM. This is automatically done recursively through the hierarchical pyramid.
After matching the interest points generated from the highest
resolution images, the interest points are subsequently used to
support a further matching process for generation of a grid
with 50-pixel grid spacing and then 10-pixel grid spacing.
A matching window of 15 × 15 pixels is used for the fullresolution images. To produce a DEM of 1-m ground grid
spacing, a two-pixel grid is consequently defined and points are
matched (level 8 in Fig. 4). To create a submeter-level DEM,
dense matching is performed for every pixel in the images.
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TABLE I
MATCHING RESIDUALS AT DIFFERENT LEVELS

B. Evaluation of the Matching Performance
We tested the aforementioned process using a stereo pair of
HiRISE images that cover the Columbia Hills area of the Spirit
rover landing site (PSP_001513_1655 and PSP_001777_1650).
In the first step, the distribution of the correlation coefficients
for all of the matched interest points was analyzed to determine
matching threshold values. Fig. 5 shows a set of histograms
of correlation coefficients for the first six levels defined in
Fig. 4. Since the summed images have a higher signal-to-noise
ratio than those of the full-resolution images, the correlation
coefficient histograms of the interest points show a quite clear
trend of high correlation performance with respect to image
scale levels 1–4. A threshold value of correlation coefficient 0.8
was selected to accept a pair of matched points based on
manual interactive checking and our requirement to incorporate
only highly correlated interest points without eliminating more
than 10% of the interest points. Original stereo images, in
comparison with the resampled images from previous levels,
provide not only more detail but also matched interest points
with lower values for the correlation coefficients. At level 5,
where the original images and only interest points are used,
the curve in the histogram has a similar shape as the previous
levels. The threshold value for the correlation coefficients was
lowered to 0.7 to prevent exclusion of too many correctly
matched points. Since grid points normally do not represent
distinguishable features as interest points, their correlation
coefficients are generally lower and the curve shape varies a
bit. The threshold value was also set to be 0.7 conservatively
to avoid accepting mismatches at this grid matching level
(level 6). The established thresholds at various levels are used
to accept matched interest points and eliminate matching errors
for next-level processing or DEM generation. The matching
parameters are selected based on the empirical observations
of average size and frequency of terrain features. It should be
noted that the stereo matching result is highly dependent on
the properties of the input data and the terrain. Therefore, the
matching parameter selection reported in this paper might not
be optimal for other types of imagery or terrain.
Second, a quantitative evaluation of the matched points is
conducted at each level of the hierarchical process of image
matching. At each intermediate level, 50 points were randomly

Fig. 6. Distribution of check points over five test regions.
TABLE II
MATCHING RESIDUALS AT LEVEL 8 (TWO-PIXEL GRID)
FOR F IVE T EST R EGIONS

selected throughout the entire study area. The automatically
matched points were compared with the manually matched
points in the image space to calculate the point distances, called
matching residuals. Table I shows the results of this evaluation
of matching quality. The mean of the residuals at all levels
was less than 0.3 pixels, with the highest of 1.41 pixels at the
first level. Since the interest points from levels 1 to 4 were
transformed onto the next level’s higher resolution images and
then improved by rematching, the errors from the previous
levels were generally not propagated into subsequent levels.
While the mean residuals did not necessarily decrease over the
hierarchical process, they remain at a low level.
In the third step, at the final level, matching results of
two-pixel grid points were evaluated in five test regions with
different terrain types (Fig. 6). Region 1 is a relatively flat
area near the Spirit rover landing center. Region 2 is a crater
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Fig. 5. Histograms of values of correlation coefficients for levels 1–6 (x-axis: Correlation coefficient; y-axis: Number of points). (a) Level 1. (b) Level 2.
(c) Level 3. (d) Level 4. (e) Level 5. (f) Level 6.

located northeast of Bonneville Crater along the rover traverse.
Region 3 is the summit of Husband Hill. Region 4 is the
Inner Basin area with sand dunes, located on the south side
of Husband Hill. Region 5 is Home Plate, a small plateau
raised on a valley floor. For each region, 50 check points were
randomly selected to verify the quality of matching results
using manually matched points (Table II). Region 2 (crater)
produced the smallest mean residuals, although only slightly
lower than Region 1 (flat). Both regions contain a large number
of small rocks that provide distinctive point features beneficial
to matching. Region 3 shows a rather less textured area in
the northwestern part; Region 4 mainly shows a striped pattern caused by dunes; and the Home Plate region (Region 5)
has rather homogeneous areas by lack of detailed texture.
All the points checked are, on average, within a distance of
0.12 pixels from the manual points, and the maximum residual
of 1.41 pixels appears in Region 4 and 5 because of the repetitive strip pattern and the lack of texture. Although the evaluated
textures fall far short of the range of surface textures found on
Mars, overall, the processing results passed the manual check
with different terrain types at this test site very well.
Finally, a few major topographic features were selected and
checked to ensure that these automatically matched points
represent the topographic details in a DEM. Six ground features
in the area were chosen (Fig. 7). Feature (a) is a ridge located
at the summit of the Husband Hill. Feature (b) is a line along
a sandy dune in the Inner Basin. Feature (c) is the eastern
part of the boundary of Home Plate, while (d) is positioned
across Micheltree Ridge right next to Home Plate. Both features

(e) and (f) are on the northwest side of Bonneville Crater.
Along these features, points were manually matched in the
stereo images about three pixels apart in order to calculate
their 3-D coordinates. Then, the elevation of each point was
compared with the elevation profile from the 0.6-m-resolution
DEM generated by the automatically matched points. Overall,
the elevation profiles from both methods showed a high level
of consistency. The differences in elevation between manually
matched points and the automatically generated DEM fell in the
range of ±0.2 m. The distribution of the differences showed no
distinctive pattern for all the six features. The random elevation
errors of such magnitude are reasonable considering that the
pixel resolution of the raw images is about 0.3 m. It should be
noted that all the feature names mentioned earlier are unofficial.
C. BA of HiRISE Stereo Images
One of the purposes of BA is removing geometric inconsistencies between measurements from the stereo images. This
can be achieved by modifying the EO parameters based on the
observation equations from the tie points and the initial EO
parameters and minimizing the measurement inconsistencies.
As mentioned earlier, the EO parameters are modeled as timedependent polynomial functions [(1) and (2)], which can be
applied uniformly to all the CCDs in the HiRISE frame. The
displacement between CCDs is calculated by the offsets of the
time index provided for HiRISE by Kirk et al. [14]. Therefore,
BA applies to all the CCDs by adjusting only one set of
EO polynomial coefficients. In implementation, we define one
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Fig. 8. Traditional and interstrip tie points.

Fig. 7. Elevation profile of automatically generated DEM and manually
matched points for six ground features (μe = mean of difference, δe =
standard deviation of difference, different colors indicate different elevations).
(a) Summit. (b) Inner Basin. (c) Home Plate boundary. (d) Micheltree ridge.
(e) Bonneville Crater—ridge. (f) Bonneville Crater—slope.

reference CCD strip and other CCD strips are associated to this
reference by applying the known offset parameters.
In the BA process, the EO polynomial coefficients are adjusted iteratively by solving two types of observation equations.
The first type of observation equations comes from image tie
points. On the stereo images, coordinates of corresponding tie
points are measured. Using the measured row (line) coordinates
of the tie points as time index, EO parameters can be derived
from the polynomial functions (2). The ground coordinates of
these image tie points are then calculated by space intersection.
The observation equations are obtained by plugging in the
measured image coordinates, approximate ground coordinates
of the tie points, and the EO parameters into the linearized form
of (3).
Tie points are selected from the matched interest points
and checked for even distribution. There are two categories of
tie points needed in HiRISE-based BA: traditional tie points
and interstrip tie points (Fig. 8). Traditionally, tie points are
measured on the two images of a stereo pair; they are selected
across all CCDs that make up each image set (Fig. 2). An
interstrip tie point is usually located in the overlapping area
of two CCDs and measured in both image strips (each from
one CCD). This particular technique using the interstrip tie
points eliminates the internal disagreement between the CCDs.
Because we do not use any absolute control (such as MOLA),
the established observation equation system is ill posed. The
second type of observations, pseudo observations, is six EO
parameters based on telemetry data from orbiter tracking. To
improve computational efficiency, beginning at the starting
image line, we define an orientation line (OL) every K image
lines, instead of every image line, where we establish the
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Fig. 9. Correcting image distortion caused by high-frequency effect.

pseudo observation equations. For each OL (ith line in the
image), the observation equations are
Xic = Xipse + vx,i ωic = ωipse + vω,i
Yic = Yipse + vy,i ϕci = ϕpse
+ vϕ,i
i
pse
pse
c
c
Zi = Zi + vz,i κi = κi + vκ,i

(4)

pse
where Xipse , Yipse , Zipse , ωipse , ϕpse
are pseudo
i , and κi
observations and they are initially EO parameters of telemetry
data from the SPICE kernel. In later iterations, they are replaced by the newly (last iteration) estimated EO parameters.
vx,i , vy,i , vz,i , vω,i , vϕ,i , and vκ,i are corrections, and
Xic , Yic , Zic , ωic , ϕci , and κci are the EO parameters to be
solved for. In fact, this second type of observation equations
serves as additional conditions so that the ill-posed observation
equation system formed by the first type of observations only
can be solved. The reason we did not incorporate absolute
control in this research is that we wanted to evaluate only the
mapping potential of HiRISE imagery and pointing data. In
the future, absolute control (e.g., MOLA points, radio-tracked
MER rover positions, or large features measured by the MER
rovers) may be incorporated into the BA of the HiRISE imagery
for more comprehensive study.
Before the measured image coordinates can be used for
BA, the three high-frequency correction terms (2) are added to
achieve a high mapping accuracy. Generally, we understand that
the tie points are measured from the original images which are
affected by the high-frequency effect (including jitter, Fig. 3).
To account for the major impact on ground positions, the
angular distortions caused by the high-frequency effect are
addressed. The correction is based on the line of sight connecting camera perspective center O, the actual image point p,
and ground point P . In Fig. 9, the image plane F1 represents the orientation parameters from telemetry data with the
high-frequency effect, while F2 corresponds to those from (2)
without the effect corrected. The measured point p1 is on F1 .
Its corresponding point p2 without the effect is on F2 . To
compensate for this effect in the BA system, the observation
equations are formed using the corrected image coordinates.
After each iteration in BA, new polynomial coefficients of EO
parameters in (2) are computed and the new bundle-adjusted
EO parameters are estimated. The three high-frequency correction terms are implemented as the differences of the three

Fig. 10. Stereo HiRISE images at the Spirit rover landing site:
(Left) PSP_1777_1650 image mosaic and (right) PSP_1513_1655 image subset
(number of lines 20 000–60 000) mosaic.

rotation angles from the telemetry data and the polynomial
and then added back to the newly estimated EO parameters.
By incorporating these terms into the BA system, the rigor of
the photogrammetric collinearity conditions is preserved, and
therefore, a higher mapping accuracy can be achieved.
Finally, the quality of observations is represented by their
weights in BA, which will impact the performance of the BA.
Different weights are assigned to different observation types
according to our knowledge about their corresponding quality:
pi = 1/s2i , where the unit weight variance is chosen as 1 and
σi2 is the variance of the ith observation type.
For HiRISE images, the standard deviation of tie-point coordinates is half a pixel or 6 μm. Those of the pseudo observations
of the perspective center coordinates and pointing angles in
(4) are 100 m and 5 arcseconds, respectively. The weights are
used along with the observation equations in BA. At the end of
the iterative procedure, the coefficients of the EO polynomial
parameters are adjusted and the optimal estimates of the ground
coordinates of the tie points are also achieved.
IV. T OPOGRAPHIC M APPING AT
MER S PIRIT L ANDING S ITES
The methodology and software system described previously
were applied to MER landing site mapping. We generated
topographic mapping products from the stereo pair of HiRISE
images that cover the Columbia Hills area of the Spirit rover
landing site (PSP_001513_1655 and PSP_001777_1650). The
PSP_001513_1655 image was obtained on November 22, 2006.
Centered at 14.6◦ S latitude, 175.5◦ E longitude, it has 80 000
rows and a 27.1-cm/pixel resolution. The PSP_001777_1650
image was taken on December 12, 2006. It has 40 000 rows and
a resolution of 26.3 cm/pixel. Its extent, about 10.5 × 5.5 km on
the ground, is entirely covered by PSP_001513_1655, which is
clipped to show the stereo pair in Fig. 10. The two images have
a convergence angle of 19.8◦ .
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TABLE III
MATCHING RESULTS: NUMBER OF POINTS AND PERCENTAGE OF ERROR POINTS ELIMINATED
BY T HRESHOLDING OF C ORRELATION C OEFFICIENTS AND DEM S URFACE F ITTING

A. Image Matching Result
The results from hierarchical matching of five levels of
interest-point matching and three levels of grid-point matching
are shown in Table III. At level 1, with an image scale of 1/16,
the size of the search window is set much larger than the other
subsequent levels due to the lack of detailed terrain information.
For that reason, from the 7246 detected interest points, 867
of them are eliminated because either there are no matched
points or the correlation coefficients are smaller than 0.8. Based
on the 6379 matched points, a further mismatch detection is
performed by a local DEM surface fitting method and seven
points are then further eliminated, leaving 6372 matched points
on level 1 and used as initial points on level 2. After rematching
the points from level 1, 21 points are eliminated based on the
threshold of the correlation coefficients on level 2. Additional
interest points are extracted on this level, and quality checks
are performed. In the end, 35 210 points are matched on level 2.
This process continues hierarchically until level 8 of a grid with
two-pixel grid spacing. From levels 2 to 5, as the image size
doubles, the number of new interest points also approximately
quadruples. The percent of elimination of newly added interest
points jumped at level 5 (8.39%). This can be explained by
the slight variations of pixel brightness values on the fullscale stereo images (caused by illumination differences) that
decrease the correlation of the corresponding points. Although
the PSP_001513_1655 and the PSP_001777_1650 images were
taken only 20 days apart, the viewing angles and the position
of the sun are quite different, which affects pixel brightness
values. At grid-point matching from levels 6 to 8, there is no
rematching for points from the previous levels because the
image size is unchanged. Since grid points are not as distinguishable as interest points, their correlation coefficient values
are more influenced by slight variations of pixel brightness

values. This leads to the higher percentage of point elimination;
it was 34.82% at 50-pixel grid spacing, 35.49% at 10-pixel
grid spacing, and 37.99% at 2-pixel grid spacing. However, the
DEM-based checking consistently eliminates low percentages
of point errors (detected and eliminated by local DEM fitting),
indicating that the correlation-coefficient-based quality checking works effectively and the hierarchical process provides
quality terrain points.

B. BA Result
In order to achieve the best performance of BA, a sufficient number of the previously matched interest points are
selected and used as tie points, which are evenly distributed
in the image and in the overlapping areas of the CCDs. In
Fig. 11(a), 500 matched tie points are selected for BA and
displayed in red on the stereo images (PSP_001777_1650 left
and PSP_001513_1655 right). In addition, 94 tie points in the
overlapping area of the adjacent CCDs in the left image [blue
points in Fig. 11(b)] are detected and then matched between
the adjacent strips. Their corresponding points in the right
image are found by image matching and displayed in red.
Similarly, 103 interstrip tie points are detected and matched in
the overlapping areas of adjacent CCDs in the right image [blue
points in Fig. 11(b)] and their corresponding points are found
in the left image (red points).
The EO polynomial coefficients in the BA model are estimated by an optimization process that minimizes the image
coordinate errors. The telemetry data are used to fit the six thirdorder polynomial equations for camera positions and pointing
angles, which are further employed as approximate values in
BA. In particular, the high-frequency terms of the three pointing
angles are the differences between the telemetry values and
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Fig. 12. Residuals of check points onto HiRISE image mosaics before and
after BA. (a) Before BA (exaggerated 50 times). (b) After BA (exaggerated
200 times).

Fig. 11. Tie points, check points, and interstrip tie points shown against
HiRISE mosaics. (a) (Red) Tie points and (blue) check points. (b) (Red)
Interstrip tie points and (blue) their corresponding points.

the fitted polynomials. These terms are then added on to the
BA pointing angles to compensate for the effect discussed in
Section II-C and to determine the improved ground positions
of the measured tie points. Unlike the situation on Earth,
no absolute ground truth is available on the Martian surface.
Therefore, the image network is a free network and has to
be solved by a generalized inverse method that minimizes the
changes in orbital positions and altitudes as well as the tie-point
ground coordinates. Furthermore, to evaluate the performance
of BA, 460 matched interest points not participating in the
BA are selected as check points [blue points in Fig. 11(a)].
The ground coordinates of the check points, obtained by space

intersection using bundle-adjusted orientation parameters, are
backprojected on each stereo image. The differences between
the backprojected image coordinates and the original image
coordinate measurements are used to evaluate the performance
of the BA.
After BA, the refined EO parameters are compared with
those in telemetry data. The differences of the camera positions
are smaller than 3 m, and the changes of pointing angles are
less than 20 arcseconds. The quality of BA is evaluated using
the backprojection residuals of check points in the images.
In Fig. 12, the backprojection residuals as error vectors are
displayed on the PSP_001777_1650 image. Fig. 12(a) shows
the residuals before the BA with the error vectors exaggerated
by 50 times for legibility. The residuals are predominately in
the along-track direction. Fig. 12(b) shows the residuals after
the BA that are 200 times exaggerated. Table IV presents the
statistical results from the check points. The residuals are
summarized in three columns: before BA, BA without the highfrequency-term correction, and BA with the high-frequencyterm correction. Either with or without jitter correction, BA
reduces the mean residuals from 1.56 pixels to zero. After BA,
there are significant improvements on the maximum residuals
and the standard deviation of the residuals, particularly after
the high-frequency-term correction. Consequently, the inconsistencies existed in the stereo image pair and further in the 3-D
stereo model are significantly reduced, if not removed, by the
BA, and the incorporation of the high-frequency terms renders
better results in this BA based on the rigorous sensor model.
In analyzing HiRISE jitter, Kirk et al. [14] found that there is
great variability in the severity of the actual jitter. They also
found that much of the rapid variation in the camera angle
histories is merely noise. They noted that including the highfrequency portion of the camera angles may help in some cases
and hurt in others; the high-frequency-term correction approach
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TABLE IV
STATISTICS RESIDUALS AT CHECK POINTS

described in this paper may not work adequately in every case,
although it generated better results from this specific stereo pair.
Therefore, further validations and cross-comparisons of various
jitter-correction approaches are necessary to draw more general
conclusions.
We can also evaluate the accuracy of the BA in object space.
In the overlapping areas of CCDs (Fig. 11), multiple measurements for tie points can be found from different CCDs. The
measured image points can be employed to compare ground positions of the same tie point using different stereo combinations
of the image points. A comparison of the ground points from
these stereo combinations reveals inconsistencies remaining
after the BA. In our experiment, the average difference of the
ground coordinates is about 1 m. However, with interstrip tie
points applied in BA, the average difference is reduced to
0.3 m. This proves that inconsistency in the overlapping areas of
CCDs can be significantly reduced by incorporating interstrip
tie points in the BA.
C. DEM and Orthophoto Generation
After the hierarchical stereo matching process, a set of very
densely matched image points, including 2 010 883 interest
points and 93 139 496 grid points, were generated. Ground
coordinates of their ground points were computed by photogrammetric intersections using the bundle-adjusted EO parameters. To generate a 1-m-resolution DEM from the 3-D
ground coordinates, the Kriging technique with a spherical
semivariogram model was used. The DEM was produced to
support our mapping and rover localization activities during
MER mission operations. The area covers the entire length of
the Spirit rover traverse over the past six years as well as areas
planned for future traverses.
To demonstrate the benefit of using interstrip tie points in
the BA, surface maps from two types of DEMs are shown
in Fig. 13. The first one [Fig. 13(a)] was generated using the
bundle-adjusted EO parameters without interstrip tie points,
while the second one [Fig. 13(b)] employed the EO parameters
that are bundle adjusted by using additional interstrip tie
points. The first surface map shows strong across-strip artifacts
caused by geometric inconsistencies between adjacent CCDs.
Those inconsistencies cannot be eliminated by BA without
interstrip tie points. The inconsistencies between the strips are
removed by adjusting EO parameters based on interstrip tie
points that “stitch” image strips between adjacent CCDs. The
effectiveness of this BA technique with interstrip tie points is
clearly demonstrated.
Using the DEM and the adjusted EO parameters, an
orthophoto can be generated by orthorectifying the original

Fig. 13. Three-dimensional surface maps of the area surrounding the Spirit
rover landing site generated from EO parameters (a) with and (b) without
interstrip tie points being involved in the BA.

HiRISE image. The orthophoto has the same resolution as the
DEM. To perform the orthorectification, each grid point of
the DEM is backprojected onto the HiRISE image using (3).
The 3-D coordinates of the grid point are transformed to its
row and column coordinates (including a step to determine
which CCD(s) contain the given ground point) in the image
by consideration of EO and calibrated IO parameters. Once
the corresponding image point is found, the grayscale or
red–green–blue values are assigned to point on the orthophoto.
The grayscale value is calculated by a bilinear interpolation
using neighboring pixels. This process is repeated to complete
all the grid points of the orthophoto.
Finding the corresponding image point on the HiRISE image,
given the ground grid point, involves a number of nontrivial
issues because of sensor-specific characteristics including pushbroom imaging geometry, a shared optic system for multiple
CCDs, and others.
First, compared with a frame camera, in the backprojection
process for a ground point with known (X, Y, Z), there is not
a direct way to find its corresponding EO parameters used
in (3). Instead, a search for the corresponding time or image
row is performed. This is implemented by a recursive binary
search algorithm. The process starts the search at the middle of
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Fig. 14. HiRISE orthophoto draped on corresponding DEM with vertical
exaggeration of two times.

the image. Using the row number, the EO parameters can be
calculated from (4).
Subsequently, its image coordinates (x, y) in the left image
can be calculated. Because the DEM is a full coverage of the
stereo pair, given known ground coordinates of the point, the
ID of the CCD that covers the point can be found. Furthermore,
oﬀset
the specific offset of the CCD in the x direction (XCCD
-ID ) is
known from the calibration data. The difference Δx between
the image coordinate x and the CCD offset should be zero
or within a tolerance or otherwise indicate that the current
image line is not correct. In the latter case, a line up and a
line down from the current line that is one search step away
will be tested. The search moves in the direction in which Δx
becomes smaller, until it is within the tolerance. The grayscale
at the image point of (x, y) using the final EO parameters is
assigned to the image point of the orthophoto corresponding to
the known ground point (X, Y, Z). This process repeats itself
for all the orthophoto points.
A 1-m-resolution orthophoto (3500 by 4050 pixels) was
generated. Fig. 14 shows the orthophoto draped onto the
corresponding DEM with a vertical exaggeration factor of
two. To take full advantage of the high resolution of HiRISE
imagery, a 0.25-m-resolution orthophoto was also generated.
The DEM was resampled from a 1-m grid to a 0.25-m grid for
data processing.
To check the quality of our DEM, we performed a crosscomparison with USGS topographic products generated from
the same HiRISE stereo images, which were also used for
supporting the MER mission. For topographic mapping with
HiRISE images, USGS used both the USGS ISIS system and
the commercial photogrammetric software SOCET SET [14].
USGS products cover a longer area and are referenced to
the MOLA data. The topographic height is referenced to the
MOLA areoid. For comparison, a spatial registration between
the two DEMs is performed by a 2-D similarity transformation
using ten evenly distributed control points that are manually
selected on the orthophotos (Fig. 15).
After this horizontal registration, a vertical registration was
conducted using the same ten control points. The OSU DEM
was transformed by a shift and a rotation. Differences at each
grid point between the two DEMs were then calculated and
are shown in Fig. 16. It shows that most areas have elevation
differences of much less than 1 m. The standard deviation of
elevation differences is 0.4 m. In Fig. 16, there are vertical

Fig. 15. Control points for registration of our orthophoto with the USGS
orthophoto.

Fig. 16.

Differences in elevation between the OSU DEM and USGS DEM.

edges at the places where the HiRISE CCDs cross each other.
The discontinuities are 1–2 m. These inconsistencies caused
by such CCD boundaries are handled by the tie points in the
overlapping areas from adjacent image strips in the OSU BA
system. A new improved method of treating jitter used by the
USGS in processing the Spirit site imagery is described by
Kirk et al. [14]. There are two red “spots” indicating obvious
differences between the two DEMs where these are shadows inside the craters cast by the rims. Due to the change of sun angle
between the two stereo images, image correlation in this case is
either low or not reliable. Furthermore, our automatic matching
software accepts only highly correlated points. The individual
ways of handling this special case by the two institutions may
cause the differences. However, overall, the two DEMs showed
a high level of consistency.

LI et al.: PHOTOGRAMMETRIC PROCESSING OF HiRISE STEREO IMAGERY

V. S UMMARY
In this paper, we have presented a rigorous photogrammetric
processing approach for automatic generation of topographic
products from HiRISE stereo images. Our approach employs
a unique coarse-to-fine hierarchical matching method with
consideration of the HiRISE sensor configuration which can
provide dense, evenly distributed, and reliable matched points
for BA and subsequent DEM generation. We evaluated the performance of our matching results based on manually matched
checkpoints for a test area covering the entire Spirit rover traverse including the five test regions of different types of terrain.
The residuals of the matched and manually measured image
positions at the checkpoints are consistently low, averaging no
more than 0.11 pixel, with a maximum residual of 1.41 pixels.
The developed BA method minimizes the inconsistencies between HiRISE stereo images as well as the overlapping CCD
areas. Third-order polynomials are used to model the change
of EO parameters over time. At the Spirit rover site, we chose
500 tie points and 197 additional ones in the overlapping CCD
strips from the matched interest points for BA. The performance
of BA was evaluated based on the backprojection residuals of
460 independent checkpoints in the image space. The mean
residual was reduced from 1.56 pixels before BA to zero after
BA while the standard deviation was reduced from 4.4 pixels
to 0.85 pixel. The standard deviation of residuals was further
reduced to 0.29 pixel with high-frequency terms incorporated
in BA. We created a 1-m-resolution DEM and a 0.25-mresolution orthophoto of the area covering the Spirit rover traverse based on the bundle-adjusted EO parameters. Comparison
of our DEM with the USGS DEM showed a good level of
consistency.
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