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ABSTRACT 16 
 17 

Stereophotoclinometry (SPC) makes it possible to extract the shape of surfaces by 18 
combining information from images, namely stereo parallax data and surface shading 19 
from slopes, with knowledge of the location of a spacecraft. This technique has been used 20 
extensively in the past few decades to describe the shape of planets and small bodies, 21 
such as asteroids and comets. It has also been used to navigate spacecraft carefully 22 
around very small bodies, as in the case of the OSIRIS-REx mission to the ~500-m-23 
diameter asteroid (101955) Bennu. This paper describes the mathematical foundation of 24 
SPC, with examples from the OSIRIS-REx mission.  25 
 26 
1. Introduction 27 

Stereophotoclinometry (SPC; licensible from the Planetary Science Institute - see 28 
acknowledgement) uses images to estimate stereo parallax and surface shading from 29 
slopes along with knowledge of the spacecraft location to compute topography. SPC has 30 
been an evolving tool for navigation and shape modeling for the past three decades. The 31 
current and past implementations of SPC have been successfully used to model the 32 
shapes of many small bodies, satellites, and planets, including but not limited to Vesta 33 
(Gaskell, 2012), Ceres (Park and Buccino, 2018), Eros (Gaskell, 2008), Itokawa (Gaskell 34 
et al., 2006, 2008), Mathilde (Weirich et al., 2019), Bennu (Barnouin et al., 2019, Palmer 35 
et al., 2022), Ryugu (Watanabe et al., 2019), 67P/Churyumov–Gerasimenko (Gaskell et 36 
al. 2014, Jorda et al. 2016), 9P/Tempel 1 (Ernst et al. 2019), the Moon (Gaskell et al. 37 
2011, Weirich et al. 2019), Phobos and Deimos (Gaskell, 2020; Ernst et al., 2022), Io 38 
(Gaskell et al., 1988), Janus (Daly et al., 2018), Phoebe (Gaskell, 2013), and Mercury 39 
(Perry et al., 2015). The software can also be licensed for use in other projects as 40 
described in the Acknowledgements. 41 

The basic idea behind SPC is to use landmarks, which are the centers of small 42 
local maps of a body's surface, called “maplets”, as control points for navigation and 43 
cartography. Maplets contain both topographic and albedo information. Each maplet is 44 
associated with multiple images. The three-dimensional location of the center of each 45 
maplet is estimated from stereo parallax provided by the multiple contributing images. 46 



This location places the maplet in a body-fixed frame relative to the center of the object 47 
being modeled. With this stereo result, each maplet is illuminated to match the geometry 48 
of each one of the associated images that are used to model the maplet. A maplet’s 49 
pixel/line location in a given image is determined by correlating the brightness variations 50 
across the illuminated maplet with the orthorectified image. The illumination of a maplet 51 
itself depends on the local incidence and emission angles, phase angle, and local albedo. 52 
By comparing the maplet brightness with the image brightness for many images, the 53 
maplet's slope and albedo distribution can be determined, and the slope distribution can 54 
then be integrated to determine the topography.  55 

If a single maplet can be found in many images and the spacecraft state when 56 
each image was acquired is known, then the location of the maplet on the body's surface 57 
can be determined by combining the stereo information and the surface brightness 58 
variations. If a single image can be found in many maplets and these maplets’ locations 59 
on the body's surface are known, then the spacecraft (s/c) state (i.e., position and 60 
orientation) at the time of the image can be determined. SPC iterates through solutions 61 
for spacecraft state and maplet position to arrive at a self-consistent solution for both.  A 62 
simultaneous solution for s/c state and maplet position (bundle adjustment) is usually 63 
impossible owing to the tens to hundreds of thousands of images and maplets commonly 64 
used.  Instead SPC solves for (i) maplet surface shape, (ii) landmarks (maplet center), and 65 
(iii) the s/c state in three separate loops (Figure 1). The first loop uses images to improve 66 
maplet surface models and provides initial estimates of a maplet center, while the second 67 
updates the landmarks further by adjusting the landmark vectors. Both can be run in a 68 
parallel process mode.  The third loop is done occasionally because of a slightly better 69 
knowledge of the s/c state and the locations of the maplets themselves from the other just 70 
mentioned iterations. It is usually undertaken as new images are added to the SPC 71 
process, during the course of a mission.  72 

 73 
Figure 1. The three main loops of SPC (right) with inputs (left) for generating the final 74 
set of digital terrain models (DTMs). Convergence of the S/C position and attitude, and 75 
the regional DTM’s surface and center, end the SPC estimation process (Palmer et al. 76 
2022). 77 

A large number of overlapping maplets can be combined to produce a global 78 
topography model. Image data alone cannot independently solve for the size of the object 79 



and the spacecraft distance. SPC requires additional information to get around this 80 
size/distance degeneracy. For large bodies, accurate navigation is possible using radio 81 
science measurements alone owing to the large gravitational parameter (GM) that 82 
produces an easily detectable Doppler signal. For small bodies, imaging combined with 83 
Doppler-determined approach velocity can provide an accurate range and therefore size 84 
estimate. If laser ranging is available, then a combination of SPC navigation and shape 85 
with an absolute knowledge of the distance to the surface can provide precise estimates of 86 
the spacecraft position and the body’s size. 87 

This paper lays out the mathematics of SPC, as applied to in-flight shape 88 
modeling and navigation. The examples provided are from the OSIRIS-REx (Origins, 89 
Spectral Interpretation, Resource Identification, and Security–Regolith Explorer) mission 90 
to the ~500-m-diameter asteroid (101955) Bennu (e.g., Lauretta et al., 2017, 2019, 2021). 91 
Section 2 discusses the input data needed to begin the SPC process. Section 3 delves into 92 
the mathematics behind the linear estimation technique used throughout SPC. Section 4 93 
details how to build successively higher-resolution maplets. Section 5 discusses how to 94 
use a set of maplets to build both regional and global DTMs). Section 6 demonstrates how 95 
altimetry data can be used to improve the SPC solution. Section 7 summarizes the SPC 96 
software implementation. 97 

This paper emphasizes the mathematics behind SPC and how altimetric data can 98 
be included in SPC solutions. Three companion papers (Palmer et al., 2022, Mario et al., 99 
2022, Adam et al., 2022) provide details on implementing SPC to model the surface of 100 
Bennu (and other asteroids) and navigate a spacecraft. The accuracy of SPC is further 101 
discussed in Al Asad et al. (2021) for results obtained during the OSIRIS-REx mission at 102 
Bennu and Weirich et al. (2022) for pre-flight testing with a synthetic asteroid. Daly et al. 103 
(2022) discuss the expected SPC performance during a flyby and impact mission. 104 
Reviews of SPC’s uncertainties are also described in Barnouin et al. (2020). 105 
 106 
2. Inputs 107 
SPC requires several inputs. The following sub-sections discuss the images, camera 108 
models, the Navigation and Ancillary Information Facility’s (NAIF’s) Spacecraft, Planet, 109 
Instrument, Camera-matrix and Event (SPICE) information, and a starting shape model. 110 

 111 
2.1. Images 112 
A major advantage of SPC is that it can incorporate nearly any type of image and 113 
imaging geometry and will provide a fairly quick initial solution for the shape of an 114 
object. Original images in any format — PDS IMG and Flexible Image Transport System 115 
(FITS) files are the most common — are processed to produce the raw 8- or 16-bit format 116 
used by SPC.  While calibrated images can be used, some basic calibration of raw images 117 
is possible within the SPC framework, including flat fielding and removal of dark current 118 
and frame transfer smear. Usually, a pre-processing program for each individual camera 119 
is required, owing to differences in the properties of the camera and its calibration, as 120 
well as image header practices. Although unsigned short, most significant bit (MSB) 121 
images are preferred, SPC can recognize and distinguish between other 16-bit formats. 122 
Image names are restricted to 12 characters, so it is often necessary to rename the images. 123 
A commonly used name consists of a one-character camera identifier, nine characters for 124 
the integral part of the ephemeris time, and two characters identifying the filter(s), if any.   125 



The fidelity of the solution improves with additional processing and optimal 126 
imaging. The best solutions are obtained when at least five images are available in 127 
suitable geometries and lighting conditions (see Barnouin et al. 2020 and Palmer et al. 128 
2022 for more details) to take full advantage of both stereo and photoclinometry. 129 
Nevertheless, SPC remains a highly capable software able to produce good solutions 130 
even with very limited data (Daly et al., 2022). 131 

For OSIRIS-REx, the imaging for SPC was primarily performed using the 132 
PolyCam narrow-field and MapCam medium-field imagers of the OSIRIS-REx Camera 133 
Suite (OCAMS; Rizk et al., 2018; Golish et al., 2020), as well as NavCam 1 imager of 134 
the Touch and Go Camera System (TAGCAMS; Bos et al., 2018, 2020). During 135 
rehearsals and execution of sample collection (Lauretta et al., 2021, 2022; Wibben et al., 136 
2022), SamCam (OCAMS) and NavCam 2 (TAGCAMS) images were used, allowing a 137 
precise SPC reconstruction of the spacecraft’s trajectory during these operations.  138 
 139 
2.2. Camera models (+ distortion) 140 

SPC requires a camera model to translate the image data from pixel space on the 141 
detector into physical space. A camera model must capture the detector dimensions, the 142 
shapes and sizes of the pixels, the central pixel/line (also referred to as sample/line) of the 143 
optical axis, the focal length of the camera, and a distortion model.  The following is 144 
specific to framing cameras.  SPC has also been used with line-scan data, but the 145 
treatment is slightly different (see Section 8 for additional details). 146 

The first approximation to a camera model is a gnomonic projection or pinhole 147 
camera. If Cx, Cy, and Cz are the unit vectors of the camera frame, with Cz in the 148 
boresight direction, then if W is a vector from the pinhole to a point in space, the 149 
projection of that point onto the focal plane has the coordinates  150 
 151 
𝑥! = 𝑓"∙𝐂𝐱

"∙𝐂𝐳
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                      (1) 152 

 153 
where f is the focal length, the distance from the pinhole to the focal plane. Lenses and 154 
mirrors are not pinholes, of course. There are always distortions, and the true focal plane 155 
position is 156 
 157 
𝑥 = 𝑥! + 𝑑𝑥(𝑥!, 𝑦!)
𝑦 = 𝑦! + 𝑑𝑦(𝑥!, 𝑦!)

            (2) 158 

 159 
The actual location in an image, measured as a pixel/line pair starting from 1,1 in the 160 
upper left corner, is 161 
 162 
𝑝 = 𝑝% + 𝐾&&𝑥 + 𝐾&'𝑦
𝑙 = 𝑙% + 𝐾'&𝑥 + 𝐾''𝑦

          (3) 163 

 164 
The distortion parameters in dx and dy, the central pixel p0, l0, the focal length, 165 

and the K-matrix are determined by minimizing the summed squared residuals between 166 
the observed image space positions of stars in many images taken during cruise and the 167 



predicted positions based on the nominal parameters and the locations of the stars in a 168 
catalog, such as Tycho 2 (available from NAIF, 2007). Also determined is the camera 169 
orientation relative to the spacecraft frame. Kxx is not solved for but is the inverse of the 170 
measured linear pixel size and has units of pixels per millimeter. If there is an extra 171 
reflection when an odd number of mirrors is present in the camera optics, the sign change 172 
occurs in Kyy (Owen, 2011).  While the model used by Owen (2011) is the most 173 
commonly employed in our implementation of SPC, several additional distortion models 174 
are available, and it is easy to add more.  Currently, SPC supports an Open CV model for 175 
OSIRIS-REx, a form for the Hasselblad camera for the Apollo lunar data, a general 176 
USGS model, mission-specific forms from ROSETTA and Hayabusa2, a bi-cubic model, 177 
and a model for line-scan cameras.  178 

A change in temperature is likely to expand or contract the optical path in the 179 
camera, leading to a temperature variation in the focal length that can be determined with 180 
enough star observations (e.g., for the NEAR [Near Earth Asteroid Rendezvous] 181 
spacecraft; Murchie et al. 2002). A file containing linear temperature variations for each 182 
camera can now be read by the core program LITHOS of the SPC software package 183 
developed by Gaskell et al. (2008).  184 

 185 
2.3. SPICE info 186 

SPC operates in a body-fixed coordinate system and uses SPICE information 187 
(Acton 1996; Acton et al. 2018) to relate the inertial, spacecraft and camera frames to the 188 
body-fixed frame. SPC requires a planetary constants kernel (pck, contains information 189 
about the body rotation rate, rotation axis, and prime meridian), leapsecond kernel (lsk), 190 
spacecraft clock kernel (sclk), spacecraft ephemeris kernel (spk), spacecraft attitude 191 
kernel (ck), instrument kernel (ik), and a frames kernel fk). A SPICE kernel is a data file 192 
that contains detailed spacecraft navigation and physical model parameter values needed 193 
to compute the camera viewing geometry for each observation. A detailed description of 194 
how SPC uses SPICE information can be found in Palmer et al. (2022). Along with 195 
information extracted from the headers of the original images, these data provide initial 196 
or nominal solutions for the S/C location and attitude; SPC updates these as processing of 197 
the images is undertaken and a surface model is built. 198 

Used for the first time on OSIRIS-REx, the SPC software can also account for the 199 
displacement between the spacecraft center of mass (which is used to determine a 200 
spacecraft trajectory in the SPICE spks) and the pupil (pinhole) for each camera. This 201 
shift is not negligible for large spacecraft that may need to interact with a surface, to 202 
ensure DTM and navigation solutions at the centimeter level. 203 

Information about the camera (Section 2.1) and the spacecraft state at the time of 204 
imaging are derived from the original image header data within the SPICE kernels. These 205 
data are kept in a separate summary file for each image called <image name>.SUM.  This 206 
file also contains thresholds: a lower one below which data are assumed to be in shadow 207 
or not on the body, and an upper one usually representing the upper end of the data (255 208 
for 8-bit, 4095 for 12-bit, etc.).  In some cases, the upper threshold is set smaller to filter 209 
out bright backgrounds, such as Mars in the case of Phobos observations.  In other cases, 210 
when a camera has sufficient dynamic range to show regions of secondary illumination in 211 
shadowed areas, the lower threshold must be raised.  We have developed special 212 
procedures to extract SPC data from this secondary illumination. 213 



 214 
 215 
2.4. Starting model 216 

SPC requires a starting shape model to provide the curvature and initial 217 
topography estimation for the initial set of large maplets. For large bodies like planets or 218 
large satellites, the initial shape is typically a tri-axial ellipsoid whose axes are well 219 
known. For smaller bodies, there may be radar models or perhaps only lightcurve 220 
analyses. In the latter cases, the starting shape model must be built on the fly during 221 
approach. Limbs identified in approach images provide a valuable source of information 222 
for creating a starter model (see Section 3.2 for details of how SPC finds and incorporates 223 
limbs).  224 

A limb-based model made from approach images was used as a starting shape for 225 
OSIRIS-REx. During OSIRIS-REx’s approach to Bennu, the asteroid appeared at very 226 
low phase angle. Limbs were exploited to build an initial shape model (Figure 2). This 227 
initial shape model was used to register (align) the images. Predicted and observed limb 228 
positions in the image were used to correct the surface vectors. The resulting cloud of 229 
vectors, along with a subset of vectors from the original shape, were fit with a spherical 230 
harmonic expansion of degree and order 15 to create a new shape model. This procedure 231 
was iterated until it converged. See Palmer et al. (2022) for more details on starter models 232 
for general cases and OSIRIS-REx specifically. 233 

 234 

 235 
        Figure 2. Initial Bennu shape model constructed from approach limb data. 236 

 237 
 238 

3. The mathematical foundation: linear estimation 239 
The current SPC implementation makes extensive use of linear estimation to 240 

determine various quantities, including spacecraft position, camera pointing, surface 241 
locations, surface tilts, and surface albedo from observables, such as camera pixel 242 
location and measured surface brightness. The assumption behind linear estimation is 243 
that, from a starting point close enough to the solution, there is a linear relationship 244 
between observable and the quantity of interest. As is commonplace in such estimation, 245 
the SPC presented here handles noise and biases. In the following section, we use 246 
variable q to represent either s/c position or camera pointing, but it can represent any 247 
quantity that affects the prediction P. Also, as stated earlier (Section 1), the SPC 248 



implementation discussed here solves for s/c state in one loop, landmark (maplet center) 249 
in another loop (section 3.1), and local maplet DTMs in a third (Section 3.3). It does not 250 
solve for all these variables simultaneously; rather, SPC iterates between the three until 251 
residual differences converge. 252 
 253 
3.1.  Estimating a spacecraft’s position and camera pointing geometry  254 
Here, we focus on the estimation of geometric parameters associated with spacecraft 255 
location and camera pointing. A key aspect of SPC is that we solve for several different 256 
quantities of q  (s/c state, maplet center, and maplet dtm and albedo) by treating each 257 
separately, and using formal uncertainties of one quantity in the weighting of the other.  258 
By separating out the solution between a few quantities, we can break a big problem into 259 
many smaller ones.  260 

The quantity qi (spacecraft x-, y- and z-vector components, for example) are 261 
approximately known using a priori SPICE data (Section 2.3). Their nominal values are 262 
used to compute the difference between a predicted value P(q) (the predicted location of 263 
a landmark in a given image for a vector q, for example) and an observable O (the 264 
observed location of the landmark in an image). The qi are varied by amounts δqi to 265 
minimize the summed square residuals  266 
 267 
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 269 
where σ is the uncertainty of each measurement and repeated indices are summed. The 270 
sigmas (σ) in this equation and those below are purely schematic. They are stand-ins for a 271 
set of weights that may have different values, appropriate to each term in the summation. 272 
Initial weights are determined from known uncertainties in the s/c state, and camera 273 
properties. Altimetric data, if available, can also contribute to the determination of the 274 
initial weights. As the estimation proceeds, the weights are equated to the diagonals of 275 
the covariance matrix of the s/c state or landmark estimation (or formal uncertainties). 276 
The sum in eq. 4 is over all the observations, so, when solving for spacecraft position, the 277 
sum is over all the landmarks in a given image from which the position is solved. The 278 
minimum is found by setting the derivatives of eq. 4 with respect to δqi to zero to obtain 279 
 280 
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 284 
The bracketed term on the right side is a symmetric information matrix Mij, and 285 

the left side is called wi. Multiplying both sides of eq. 6 by the covariance matrix M-1ki 286 
provides the estimate for the changes to q: 287 
 288 

      δqk = M–1kiwi   (7)  289 
 290 



Constraint terms are frequently included in eq. 4 of the form (Q – qi – δqi)2/σ2, 291 
resulting in additions (Q – qi)/σ2 to wi and 1/σ2 to the diagonal elements Mii. These are 292 
typically included to encourage, for example, the spacecraft position to not wander too 293 
far from the navigation solution or the pointing to remain close to the star tracker 294 
determination. This is especially important for a narrow-angle camera where there is a 295 
correlation between cross boresight pointing and spacecraft position.  Two other 296 
constraints reduce noise by tying together neighboring solutions.  Nearby spacecraft 297 
position solutions are tied to each other using the trajectory solution provided by the 298 
Flight Dynamics team, while solutions for central vectors of overlapping maplets are tied 299 
together by correlating the common topography in the overlap regions.  300 
 301 

SPC locates common control points on a body’s surface in images. Observations 302 
of a single control point in many images allows its position on the surface to be 303 
determined. Observations of many control points in a single image allows the spacecraft 304 
state (position and orientation) at the imaging time to be found. The vector W from the 305 
spacecraft (actually the pupil) to a surface point is the sum of the spacecraft-object vector 306 
V0 and the surface position vector V. All these vectors are defined in the body-fixed 307 
reference frame of the target (Figure 3). If the camera orientation is also known, then the 308 
image space location of the surface point (pp,lp) can be predicted with eqs. 1–3. The 309 
summed squared residuals to be minimized are now Σ [(po – pp)2/σ2+(lo – lp)2/σ2]. The 310 
sum Σ is over all images if a maplet vector V is being determined or over all maplets if a 311 
spacecraft state is being estimated. A small change δW in either V or V0 leads to the 312 
changes δp = ΣδWi¶p/¶Wi and δl = ΣδWi¶l/¶Wi, where the partials are 313 
 314 
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 316 
The distortion terms in eq. 2 and the off-diagonal K-matrix elements in eq. 3 are 317 

ignored because the solution converges rapidly to the same solution without them.  318 
 319 

 320 



Figure 3. Definition of spacecraft-object (V0), maplet (V), and camera orientation (Cx, Cy 321 
and Cz) vectors. W is the spacecraft-surface vector and O is the origin of the body-fixed 322 
reference frame. 323 
 324 

A new maplet vector V´ with fixed spacecraft state is then determined by using: 325 
 326 

Mij = Σ[(¶p/¶Wi¶p/¶Wj)/σ2 + (¶l/¶Wi¶l/¶Wj)/σ2] (i,j=1,3)  (9) 327 
wi = Σ[((po- pp)¶p/¶Wi)/σ2 + ((lo- lp)¶l/¶Wi)/σ2]   328 

 329 
and the sum is over all the images used. Recall that W=V+V0. The components of the 330 
maplet vector V´ then become 331 
 332 

V´i=Vi + M–1ikwk ± √M–1ii (i,k=1,3)  (10) 333 
 334 
The last term is the formal uncertainty. It feeds into the determination of the sigmas for 335 
the spacecraft state estimation.  The inverse of the symmetric matrix M is accomplished 336 
by first using a Cholesky decomposition to write M = UTDU, where U is upper triangular 337 
with unit diagonal elements and D is diagonal. U and (trivially) D are then inverted to 338 
form the inverse. The matrices solved here are neither large nor sparse because we 339 
alternate between s/c state (6x6) and landmark vector V (3x3) solutions, with formal 340 
uncertainties of one participating in the weighting of the other. 341 
 342 

To solve for V0, we also need to estimate the camera orientation. We perform this 343 
estimate for small rotations (t1, t2, t3) about the orthonormal camera vectors Cx, Cy, and 344 
Cz  respectively. The linearized changes in these vectors are 345 
 346 
δCx  = t3Cy – t2Cz , δCy  = t1Cz – t3Cx , δCz  = t2Cx – t1Cy        (11) 347 
 348 
and the resulting partials are 349 
 350 
¶p/¶t1 ≈  fKxx(W�Cx)(W�Cy)/(W�Cz)2  ¶l/¶t1 ≈ fKyy(1+(W�Cy)2/(W�Cz)2) 351 
 352 
¶p/¶t2 ≈ -fKxx(1+(W�Cx)2/(W�Cz)2)  ¶l/¶t2 ≈ -fKyy(W�Cx)(W�Cy)/(W�Cz)2  353 
 354 
¶p/¶t3 ≈  fKxx(W�Cy)/(W�Cz)        ¶l/¶t3 ≈ -fKyy(W�Cx)/(W�Cz)     (12) 355 
 356 
 357 

To facilitate the spacecraft state estimation, δV0i is written as ti+3 so ¶/¶V0i = 358 
¶/¶Wi = ¶/¶ ti+3 and 359 
 360 
   Mij = Σ[(¶p/¶ti¶p/¶tj) /σ2 + (¶l/¶ti¶l/¶tj) /σ2]  (i,j=1,6)  (13) 361 

wi = Σ[((po- pp)¶p/¶ti)/σ2 + ((lo-lp)¶l/¶ti)/σ2]    362 
 363 
where the partials for p and l are defined in eqs. 8 and 12, and the sum is over all the 364 
maplets in an image. The new estimate for the spacecraft-object vector V´0 then becomes  365 
 366 



     V´0i =V0i +ti+3 =V0i + M–1i+3,kwk ± √M–1i+3,i+3       (i=1,3,  k=1,6) (14) 367 
 368 

The rotation parameters ti = M–1i,kwk  (i=1,3,  k=1,6) are used with eq. 11 to update 369 
Cx, Cy, and Cz, but because this is just a linear approximation, it is necessary to ortho-370 
normalize these vectors at the end. This estimation is performed separately over each 371 
image.  372 
 373 

The final root-mean-square (RMS) residuals <(O–P)2> provide a goodness of fit 374 
(GOF) for each maplet and for each image that can be used to identify problem areas. For 375 
the overall fit, which includes all maplets and images, O–P is projected and scaled from 376 
the native pixel/line observables to a common linear scale, with the linear RMS residual 377 
giving a GOF for the entire solution. The transformation between inertial space — where 378 
the orientation of the camera (relative to the fixed stars) and the spacecraft position are 379 
determined — and the body-fixed frame in which SPC functions is set by the inertial 380 
space orientation of the body's pole and its rotational period. Initially, these are 381 
determined during approach or even by lightcurve or radar analysis years in advance, and 382 
are taken as fixed during the solution process. As processing continues, it may become 383 
apparent that the pole is not quite right. An efficient approach for finding a new pole is to 384 
converge complete solutions for many pole choices in order to find the smallest linear 385 
RMS residual. In practice, a reduced set of maplets and images is used to speed up the 386 
processing. 387 
 388 
3.2. Identifying limbs 389 

Predicted limb positions in a given image are those points VL on the shape model 390 
for which a line of sight is tangent to the surface. The vector from the spacecraft to this 391 
point is W=V0+ VL, and its position in image space is determined from eqs. 1–3. The limb 392 
scan to determine the actual VL begins at some distance above the surface at VL +κN, 393 
where N is the normal to the surface and where the corresponding image brightness is 394 
below a threshold for illumination. As κ is decreased, the observed brightness finally 395 
starts to increase. The point where the rate of increase of the brightness reaches a 396 
maximum is judged to be the limb vector.  These vectors play a major role in 397 
constructing the initial shape model during approach (Section 2.4).  Limbs can also be 398 
used like landmarks to help determine the spacecraft state, at least in a direction 399 
perpendicular to the limb.  In SPC they are mainly used during the maplet construction 400 
described in Section 3.3 to provide constraining heights during the slope-to-height 401 
integration process. 402 
 403 
3.3. Constructing a maplet 404 

SPC began more than 30 years ago with the construction of “templates”, or slopes 405 
and albedo variations superimposed on flat patches of Martian surface.  With a known 406 
local Sun direction, the slope variations map directly into brightness variations that can 407 
be correlated with imaging data to locate the templates in image space to assist in 408 
precision landing.  At this stage the precise scale of the slopes was irrelevant because all 409 
that mattered for the correlation was the pattern of light and dark.  It soon became 410 
apparent that the slopes could be integrated to produce topography.  The scale of the 411 
topography was still a problem, but that could be addressed in several ways, through 412 



lower-resolution stereophotogrammetry, knowledge of curvature from initial shape 413 
models of small bodies, or from limb observations.  These approaches were especially 414 
successful if limbs, for example, were also imagined at lower emission angles, so that a 415 
scale could be established between the observed limb and an SPC model of the limb, to 416 
deconvolve observed surface brightness effects into its constituent albedo and shape 417 
effects.  While radiometrically corrected images are helpful, it was soon determined that 418 
normalization of the imaging data to the initial topography was sufficient to get 419 
reasonable consistencies of the surface shapes explored. For early data sets from missions 420 
such as Lunar Orbiter, Mariner 10, Viking Orbiter, Phobos 88, radiometrically corrected 421 
image data was limited. 422 

A maplet (Figure 4) is a digital topography and albedo map relative to a plane 423 
specified by unit vectors Ux, Uy, and Uz and by a maplet vector V from the center of the 424 
body to the central pixel of the maplet (Figure 3). Grid points (m,n) are spaced by a 425 
ground sample distance (GSD) s with m increasing in the Uy direction and n in the Ux 426 
direction with –q ≤ m,n ≤ q. Heights h(m,n) are in units of the GSD, so the vector Z to 427 
any given point on the maplet is 428 
 429 
Z(m,n) = V + s(mUy+nUx+h(m,n)Uz)          (15) 430 
 431 
Testing (Palmer et al. 2022; Weirich et al. 2022; Daly et al. 2022) has shown that best 432 
DTM results are obtained when the value of s is chosen to be as small as half the size of 433 
the best image GSD input into the SPC process. The values of s can vary across an object 434 
depending on the resolution of imaging over an object. 435 
 436 
The predicted brightness at a maplet pixel is given by 437 
 438 
Ip = λAΦ(cos(α), cos(β), γ)            (16) 439 
 440 
where α, β, γ are the incident, emission, and phase angles, respectively; A is the (relative) 441 
albedo; and λ is a normalization for each image, needed since no attempt is made to 442 
radiometrically correct the data. The photometric function Φ can take any form. In the 443 
current implementation of SPC, several models exist, including the Lommel-Seeliger 444 
model and a modified Lommel-Seeliger developed specifically for the Moon. Barnouin et 445 
al. (2020) indicate that the choice of Φ for most reasonable sets of incidences (between 446 
10 and 50 degrees) and emission angles (between 10 and 50 degrees) did not significantly 447 
affect resulting maplets DTMs. This indication was based on an extensive study that was 448 
completed by the time of Barnouin et al. (2020), while SPC was prepared for use in flight 449 
by the OSIRIS-REx mission. The details of these findings are discussed in a manuscript 450 
that is being prepared for publication (Palmer et al. 2023, personal communication). 451 
 452 



 453 
Figure 4: A local DTM or maplet, defining various SPC parameters. 454 
 455 
If C is the direction from a point on the surface to the camera, S is the unit vector toward 456 
the Sun, and N is the unit normal, then 457 
 458 
cos(α) = N�S  cos(β) = N�C  cos(γ) = C�S          (17) 459 
 460 
The unit normal vector in the maplet frame is 461 
 462 
N = (–tx,–t2y,1)/√(1+tx2+ty2)           (18) 463 
 464 
where tx(m,n)=¶h/¶x and ty(m,n)=¶h/¶y. For notational simplicity, the albedo is also 465 
written A(m,n)=(1+ tz(m,n)). 466 
 467 
The components of the Sun (sx, sy, sz) and camera (cx, cy, cz) vectors in the maplet (Ux, Uy, 468 
Uz) frame are found from the body-fixed Sun (S), spacecraft-object (V0), and maplet (V) 469 
vectors by sx,y,z = S�Ux,y,z and cx,y,z= –(V+V0)�Ux,y,z (normalized), so 470 
 471 
      cos(α) = (–sxtx–syty+sz)/√(1+tx2+ty2), cos(β) = (–cxtx–cyty+cz)/√(1+tx2+tx2)      (19) 472 

 473 
Again making use of linear estimation, the slopes and albedos at each maplet pixel are 474 
found by minimizing the squared differences between the observed Io and predicted Ip 475 
brightness at each maplet pixel, summed over all images in the maplet:  476 
 477 
      Σk(Io – Ip)2/σ2  = Σk (Io – λk(1+tz) Φ(cos(α), cos(β), γ))/σ2         (20) 478 
 479 



giving the linear estimation solution δti = M–1ijwj where  480 
 481 
Mij = Σk(¶Ip/¶ti) (¶Ip/¶tj)/σ2, wj = Σk(¶Ip/¶tj)(Io – Ip)/σ2         (i,j=x,y,z)         (21)  482 
 483 

The initial guesses are ti, and the next estimates are ti+δti (i=x,y,z) with multiple 484 
iterations performed. The iterations are allowed to approach the final result by adding a 485 
weighting toward the prior solution to the diagonal terms Mii of the information matrix. 486 
This is a standard technique to avoid divergence without biasing the ultimate result. In 487 
the version of SPC that we present here, the partials of the illumination function Φ with 488 
respect to cos(α) and cos(β) are numerical, allowing for any choice for Φ. The partials of 489 
cos(α) and cos(β) with respect to tx and ty are analytical. After each iteration of the 490 
slope/albedo estimation, the RMS brightness residual is displayed to track the 491 
convergence of the process. 492 

SPC’s albedo solution is only relative, with a different scale for each maplet. It 493 
was never intended to do more than prevent brightness variations due to albedo from 494 
being interpreted as topographic variations.  The sum 1+tz is adjusted after each iteration 495 
to average 1 and never exceed 2. The true scale of the predicted brightness is set by λk, 496 
computed for each image at the beginning of each iteration by requiring that the predicted 497 
and observed brightness averaged over the maplet be the same. The weights for the 498 
albedo estimation are determined by several parameters set before the processing of a 499 
maplet.  Some of these are used to de-weight images with very low phase, where the 500 
opposition surge may be a problem, and images with high incidence angle, whose 501 
brightness variations are dominated by topography. Another parameter sets the maximum 502 
range for the albedo in terms of its standard deviation in order to remove outliers. If there 503 
is little expected variation in albedo, the brightness variations are primarily due to 504 
topography, and the range is set to be relatively small. If there are isolated bright or dark 505 
areas that are clearly due to albedo, then the range is set to a larger value to avoid 506 
interpreting the albedo extremes as topography.  507 
 508 

The treatment of albedo continues to be a work in progress. We have recently 509 
increased the upper limit to the maximum of 2.55 set by the byte format of the maplet 510 
(.MAP) files. These were designed many years ago to facilitate SPC's use in autonomous 511 
navigation (Gaskell, 2001). The average of 1+tz is now fixed at 0.5 instead of 1.0 to 512 
provide more room at the upper end for isolated bright areas such as those seen on the 513 
dwarf planet Ceres. We have also added an option to further de-weight images with high 514 
incidence angles, which have no business participating in albedo determination. This 515 
experimental procedure can be turned off or on with a preset parameter. 516 
 517 

The slope solution may be consistent with the brightness distribution in the 518 
images, but not necessarily with an acceptable topography in that it may not satisfy the 519 
curl-free requirement ¶xty – ¶ytx = 0.  It is necessary to find a height distribution for the 520 
maplet that is consistent with the slope solution.  The relationship between heights at 521 
neighboring points and the average slope between them is, with x used as a shorthand for 522 
indices m,n in a maplet, 523 
 524 
h(x+dx) – h(x) = dx•t(x+dx/2) ≈ dxk•(t(x)+t(x+dx))/2)                  (22) 525 



 526 
This relationship is used in a relaxation procedure to iteratively determine the 527 

height distribution h(x) from the nearest neighbor heights at x+dxk (k=1,4). These nearest 528 
neighbor heights are from pixels located in a cross about the pixel defined by x. The 529 
slopes t(x) and possible constraining heights hc give h(x) as follows: 530 
  531 
      h(x) = [å(h(x+dxk)-dxk•(t(x)+t(x+dxk))/2)+wchc(x)]/(wc+4)       (23) 532 
            k=1,4 533 
where wc is a small constraining weight. This equation is applied repeatedly to maplet 534 
points chosen at random until a converged solution is reached. Constraining heights at 535 
randomly selected positions can come from projected overlapping maplets, external maps 536 
(derived from other data sources/approaches), the shape model, limb heights (as found 537 
from the previous iteration of the topography), vector point clouds (e.g., from lidar data), 538 
cross-illumination interpolation in permanently shadowed areas or differential stereo. It is 539 
these heights that ultimately set the scale of the topography.  If slopes t are not defined at 540 
some points, usually because they lie in shadowed areas, they can be filled in either from 541 
the shape model or from an external map. 542 

Once the height distribution is determined, it is used to re-compute the slopes and 543 
these are fixed to solve for the albedo alone.  The RMS brightness residuals then provide 544 
a measure of the final GOF.  Ultimately, when a maplet is constructed, it is illuminated 545 
according to the known imaging geometry and correlated with the orthorectified imaging 546 
data for all images in which it appears to find its center’s image space locations (control 547 
points).  After the set of control points has been determined for all maplets, SPC solves 548 
for the position of the center of the maplet on the body, the spacecraft position in space, 549 
the spacecraft pointing, and of course the topography and albedo across each maplet.   550 

 551 
4. Projecting coarser maplets to build higher-resolution maplets 552 

The projection of maplets with coarser spatial resolution (larger GSD) that 553 
combine both surface shape and albedo are used to prepare a new set of maplets with 554 
finer resolution (smaller GSD; Figure 5). These projections permit estimates of the grid 555 
positions and heights of the new maplet. Relative to a new maplet frame Ux, Uy, Uz (eq. 556 
15), the locations and heights of a vector Z (Figure 4) in an existing reference maplet are 557 
 558 
x = (Z – V)�Ux/s, y = (Z – V)�Uy/s, h(y,x) = (Z– V)�Uz/s          (24) 559 
 560 

If the vectors are those at the corners of a reference maplet “cell” Z(I,J), Z(I+1,J), 561 
Z(I,J+1), Z(I+1,J+1), then the projections in eq. 24 are labeled xk, yk, and hk (k=0,3 562 
respectively). A quantity b(I+μ,J+ν) in the reference cell is interpolated with 563 
 564 
b(I+μ,J+ν) = B0 + B1μ + B2ν + B3μν [0 ≤ (μ,ν) ≤ 1] 565 
               (25) 566 
with  B0 = b0, B1 = b1 - b0, B2 = b2 - b0, B3 = b0 - b1 - b2 + b3 567 
 568 

This bilinear interpolation method is used often in SPC for topographic grids, the 569 
implicitly connected quadrilateral (ICQ) DTM, and imaging data. Values for μ and ν that 570 



project an interior point of the reference cell to a grid point m,n of the new maplet are 571 
found by solving 572 
 573 
m= Y(μ,ν) = Y0 + Y1μ + Y2ν + Y3μν, n = X(μ,ν) = X0 + X1μ + X2ν + X3μν     (26) 574 
 575 
for μ and ν. The height at that point in the new maplet is 576 
 577 

h(m,n) = H(μ,ν) = H0 + H1μ + H2ν + H3μν   (27) 578 
 579 

The possible values for m and n are limited to the ranges of yk and xk, 580 
respectively, and to the half-size q of the new maplet. An identical procedure is used to 581 
determine the albedo distribution of the new maplet from that of the reference maplet. 582 
These projections help to remove the slope ambiguity discussed above and set the scale 583 
for higher-resolution topography. A fraction of these projected heights, as determined by 584 
a user, provides constraining heights hc in the slope to height integration eq. 23.  We 585 
usually try, as much as possible, to choose a reference maplet that completely covers the 586 
new maplet.  Constraining heights, on the other hand, can come from maplets that only 587 
partially cover the new maplet.  If no reference maplet completely covers the new maplet, 588 
then the missing part is filled with slopes from the DTM, and a second iteration of the 589 
maplet generation procedure will fill in the missing area.  The same interpolation scheme 590 
is used to project maplets onto a DTM as described in the next section, and a DTM 591 
constructed from existing maplets can be used in place of the reference maplet above to 592 
guarantee complete coverage. 593 
 594 

 595 



Figure 5. Summary of the projection of a reference maplet onto a new maplet 596 
 597 

5. Regional and global models 598 
The maplets created by SPC can be united to make higher-resolution topographic 599 

maps across a region, as well as a global DTM. The sections below describe the math 600 
behind how these products are made. 601 

 602 
5.1. Regional DTMs (bigmaps) constructed from many maplets 603 

It is not uncommon to construct well over 100,000 maplets of varying resolutions, 604 
usually much finer than can be captured by even the highest-resolution shape model. For 605 
that reason, large “bigmaps” can be constructed using all of the overlapping maplets in a 606 
region of interest, or perhaps a selected set. The construction is similar to the projection 607 
above, with each maplet projected onto the bigmap frame Ux, Uy, Uz and the weighted 608 
average at each grid point providing an initial set of heights h(m,n). Maplets with much 609 
coarser resolution than the bigmap are given less weight in the construction with weights 610 
s02/( s02+ s12), where s0 is the DTM GSD and s1 is the maplet GSD. Users can also limit 611 
the maximum GSD of the maplets’ input, as well as the distance from the reference 612 
DTM. The latter avoids using maplets that are far from where the bigmap is generated. 613 
An estimate of the uncertainty at each point in the bigmap is obtained from the standard 614 
deviation of the maplet heights that go into the construction of the bigmap. 615 

The location of each maplet’s central vector is determined from the images in 616 
which it is found by eq. 12 and has an associated error. Sometimes, the maplet can be too 617 
high or low relative to surrounding maplets, resulting in a bigmap having “cliffs” at the 618 
edges of maplets. This problem is dealt with by randomly choosing a small set of the 619 
averaged heights as constraining heights in eq. 23 and using the same weighted average 620 
of the slopes to perform the integration. The integration (eq. 23) requires many iterations. 621 
The slopes are found by first taking the differentials of eq. 26 and, in two ways, of eq. 27: 622 
 623 

dX = ¶μXdμ + ¶νXdν,  dY = ¶μYdμ + ¶νYdν       (28) 624 
 625 
 dH = ¶μHdμ + ¶νHdν,  dH = ¶xhdX + ¶yhdY       (29) 626 
 627 

Eqs. 28 are solved for dμ and dν in terms of dX and dY, and these are substituted 628 
into the first of eqs. 29. Comparison of the coefficients of dX and dY with those in the 629 
second equation gives 630 
 631 

¶xh =  (¶νH¶μY – ¶νY¶μH)/(¶νX¶μY – ¶νY¶μX)                (30)           632 
                 633 

¶yh = –(¶νH¶μX – ¶νX¶μH)/(¶νX¶μY – ¶νY¶μX)                (31)           634 
 635 

Each of the partials is expressed in terms of the bilinear interpolation coefficients. 636 
For example, 27 gives ¶νH = H2 + H3μ.  It may be that the averaged heights alone 637 
produce an acceptable DTM.  The program BIGMAP has the option of producing such a 638 
height-averaged map.  BIGMAP also creates a .LMK file for each regional DTM that 639 
lists every image used in its creation.  The program ALBEDO can be used to find the 640 



relative albedo distribution over the entire regional DTM in the same way that albedo was 641 
recomputed with fixed topography when generating maplets. 642 

A similar procedure can be used to project a point cloud onto the bigmap frame. 643 
In this case, a vector is projected using eq. 24, and initially i and j are taken to be the 644 
nearest integers to y and x, respectively. Initially, the slopes in eq. 23 are taken to be zero 645 
and a much larger fraction (usually all) of the heights are assigned as constraints. After a 646 
number of iterations, the slopes are determined from the intermediate bigmap, and the 647 
integration continues. After the bigmap appears to have converged sufficiently where no 648 
significant changes are noted, an even cleaner model can be built by using the current 649 
slope distribution to correct the heights according to the differences between m and Y, 650 
and between n and X. This technique was used to construct bigmaps from OLA data to 651 
correct the navigation solutions.  652 
 653 
5.2. Global DTMs constructed from many maplets 654 

The shapes of many bodies (e.g., Vesta, the Moon, Mercury) can be represented, 655 
at least to the scale we are considering, as a single radius as a function of latitude and 656 
longitude.  Put another way, a line from the center of the body in any direction will pierce 657 
the surface only once.  For some of these bodies, SPC was used to creates a set of 658 
bigmaps called Z-maps centered at every five degrees of latitude and longitude labeled as 659 
Z(N/S)abcd, where the central latitude is 5ab N or S with east longitude of 5cd with 660 
(ab=0,18, cd=0,71).  There is no ZS00cd, and the labels need not be spaced by 1 to 661 
ensure full coverage.  In the current software, bigmaps can be up to 5001x5001 pixels.   662 
The program REGISTER, which produces the first correction to the spacecraft state when 663 
a new image is introduced, automatically finds the existing Z-map that is most likely to 664 
overlap the image, and this can be used to register that image in place of the usual shape 665 
model.  SPC has a utility program called SPHEREMAPB that uses the Z-maps to 666 
construct global maps for the topographic data in equirectangular, stereographic, or 667 
orthographic projection, the latter two for polar regions.  The output consists of heights 668 
relative to an appropriately chosen sphere as a function of latitude and longitude.  The 669 
computation is done one line at a time so the constructed maps can be as large as desired. 670 
This approach was not used for products generated by OSIRIS-REx at Bennu (Barnouin 671 
et al. 2020). Instead, SPC-derived vertices were used with other tools such as The 672 
Generic Mapping Tools (Wessel et al., 2019) to build simple cylindrical maps. 673 

Eros was the first body modeled that had multiple radii in a single direction. 674 
Typical projections are unsuitable.  Instead of using the height along a normal to a sphere 675 
as a way of specifying surface vectors, we created an initial non-spherical model and to 676 
extend its surface normals as a way of defining new surface points.  An efficient labeling 677 
scheme already existed for such models, an outgrowth of a scheme to produce small 678 
bodies at arbitrarily high resolution that had been used to construct a fake Eros for NEAR 679 
navigation studies prior to the encounter.  It was good fortune that this technique was 680 
developed before it was really needed for the Hayabusa encounter with asteroid Itokawa.  681 

 682 
5.2.1.The ICQ format 683 

Similar to how a maplet ensemble can be brought together to construct a bigmap, 684 
the maplets can also be united to construct a global DTM. SPC is set up to use the ICQ 685 
format for its shape models. The vectors are labeled and connected to each other as 686 



though they were grid points i,j on the faces f of a cube as in Figure 6, so their labels are 687 
i, j, and f where (i=0,q; j=0,q; f=1,6), and no separate facet table is necessary. The 688 
parameter q is conventionally, but not necessarily, taken to be a power of 2, and models 689 
are constructed with increasing detail by repeated doubling of q. It is a simple matter to 690 
convert an ICQ model to a triangular facet model if desired (See NAIF DSK routines that 691 
allow converting from ICQ to common OBJ formats at naif.jpl.nasa.gov). Although the 692 
six cube faces have 6(q+1)2 labels, the shape model itself has only 6q2+2 unique vectors 693 
because of duplicate labels on the edges and corners. The SPC implementation used here 694 
is configured so that if a change is made to a vector with an edge or corner label, all 695 
duplicate vectors are changed accordingly. If an index i or j on one face is incremented 696 
and becomes less than 0 or greater than q, then the label is mapped onto a different face, 697 
with new indices i and j between 0 and q. 698 
 699 

 700 
  Figure 6. Implicitly connected quadrilateral labels (q = 4) and a similarly connected 701 
shape model. 702 
 703 

The quadrilateral cells can be projected onto maplets using eq. 24, although care 704 
must be taken not to look through the body and use cells on the far side or perhaps on 705 
other lobes if the body is complex. Thus an initial shape model can be used to set the 706 
topographic scale of the initial set of maplets through equation 16. 707 
 708 
5.2.2. Building the global digital terrain model 709 

Once a set of maplets has been constructed, the shape model can be refined by a 710 
procedure similar to that described in Section 4. This is slightly different from projection 711 
onto a maplet, however, because the projection is in the direction of the surface normal of 712 
an initial shape instead of in a constant direction Z. As the GSD of the shape model 713 
becomes smaller, the normal is usually defined over baselines that shrink less rapidly 714 
than the GSD. At each point P of an initial shape model, the surface normal N is 715 
extended until it pierces one of the maplets. The piercing point is found iteratively by 716 
equating the maplet position from eq. 15 with the vector P + αN:  717 
 718 
P + αN = V + s(mUy+nUx+h(m,n)Uz)          (32) 719 
 720 

For a given α, the maplet coordinates of the solution and the new estimate of α 721 
using these values are  722 
 723 
x = (P–V+ αN)�Ux/s, y = (P–V+ αN)�Uy/s, α= [(V–P)�Uz + h(y,x)]/(N�Uz)     (33) 724 



 725 
where h(y,x) is determined with bilinear interpolation on the m,n cell with y=m+μ, x=n+ν, 726 
and μ,ν between 0 and 1.The weighted average P+<α>N over all maplet piercings 727 
provides a new surface vector.  Each maplet piercing also has an associated slope that is 728 
determined by bilinear interpolation of the cell’s corner points and is used with eq. 18 to 729 
compute the normal at that point. The average of these local normals n is also saved. 730 
While this result could be taken as the finished shape model, there is the possibility of 731 
discontinuities at maplet boundaries as in Section 6. The equivalent to eq. 23 is 732 
 733 
     α0 = [å(Pk-P0+ αkNk)•(nk+n0)/N0•(nk+n0)+wcα00]/(wc+4)             (34)  734 
         k=1,4       735 
 736 
P0 is the nominal surface vector, Pk are the four nearest neighbors, N0 and Nk are the 737 
associated unit normals, nk are the local normals, and α00 is the original α0 before 738 
iteration. For most points, wc is zero, but for a small number of randomly selected points 739 
it is given a small nonzero value. Eq. 34 is iterated many times at random points to 740 
provide the final set of shape vectors P+ αN.  The standard deviation of the α for each 741 
maplet piercing is tracked for each point of the global DTM, providing a global 742 
uncertainty map that is used to identify areas that might need further work. 743 

Instead of iterating eq. 33 to find piercing points, the procedure described in 744 
Section 4 could be used, with each vector P equivalent to the central vector of a bigmap 745 
and N equivalent to its Uz. This is relatively inefficient because each bigmap contains 746 
only one point, and the resulting process takes about four times as long. Notice that in 747 
Section 5.1, the slopes were found by differentiating the bilinear interpolation of the 748 
heights, whereas in this section the bilinear interpolation of the slopes was used. Either 749 
method can be used for constructing bigmaps, and it is still not clear which is best, but 750 
the slope interpolation seems to provide steeper slopes around boulders. 751 
 752 
6. Incorporating altimetric data to improve the SPC solution 753 

Although SPC excels at uniting images at a variety of pixel scales and imaging 754 
conditions together to derive topography, it has limitations. Images rely on solar 755 
illumination, so areas that are not illuminated in any images cannot be modeled 756 
accurately. Many of the small bodies (as well as some large planets such as Mercury) 757 
visited so far by spacecraft possess a pole orientation that leads to no seasonal variation 758 
in illumination. Some areas near the north and south poles can be in permanent shadow, 759 
and some areas may never be imaged during a mission due to limited imaging 760 
opportunities (e.g., flyby missions). Further, SPC tends to smooth topography when the 761 
surface changes quickly over short lateral scales, where steep slopes exist (e.g., boulder 762 
edges; Barnouin et al. 2020).  763 

Use of SPC can also lead to the size/distance degeneracy discussed in the 764 
introduction, because of the lack of an absolute measurement of distance. For small 765 
bodies, proximity navigation is accomplished by using the "known" maplet vectors and 766 
their image space locations to solve for the spacecraft state. The entire procedure is 767 
subject to a scale adjustment. All vectors can be scaled up or down by a small fraction 768 
and still yield a consistent solution.  769 



If available, altimetric data can be incorporated to improve maplet topography in 770 
shadowed or rugged areas. In addition, the size/distance degeneracy can be resolved by 771 
applying laser ranges. The measured range to the surface is used to correct the range to 772 
the body center, and the fractional change is then applied to all vectors. 773 

Shape modeling efforts for Bennu made use of altimetric data to improve the 774 
topographic solution and reduce uncertainties in shape model scale. Bennu’s axis is tilted 775 
only about 2.4° from its orbital plane, so there are areas at high latitudes that are never 776 
illuminated in images. Bennu’s surface is littered with boulders up to tens of meters 777 
across, creating a rough terrain with many high slopes (Lauretta et al., 2019). Lidar 778 
ranging data were collected by the OSIRIS-REx Laser Altimeter (OLA) (Daly et al., 779 
2017;). The OLA product used to incorporate the laser altimetry data into SPC was a 780 
global set of 7992 20-cm-GSD regional DTMs or “mapolas” constructed from OLA 781 
points clouds using a spacecraft trajectory from the Flight Dynamics team, with some 782 
modification to minimize errors between individual scans (Seabrook et al., 2019, 2022 783 
[this focus issue]; Barnouin et al., 2019, 2020; Daly, M.G. et al, 2020). Mapolas are 784 
DTMs stored in the same format as standard SPC maplets, but where the relative albedo 785 
is set to 1, because OLA did not measure surface albedo directly (Daly et al. 2020). The 786 
following subsections elaborate on how mapolas were added to the SPC data set. 787 

 788 
6.1. SPC/laser altimetry hybrid models (SPCOLA) 789 

OLA data provide ranges to the surface over the whole body, illuminated or not, 790 
that can be used to construct an independent topographic model. Vectors from that model 791 
can be used to provide constraining heights to SPC’s slope-to-height integration and to 792 
help fill in these dark areas and improve modeled rock heights and edges. The approach 793 
of combining traditional SPC techniques and OLA data is called SPCOLA. Figure 7 794 
shows how the SPCOLA approach can improve the derived topography and better model 795 
rock heights. 796 

 797 



 798 
Figure 7. Bennu’s south pole modeled using SPC only (A) and with the combined 799 
SPCOLA technique, using mapolas for constraining heights (B). Smooth areas seen in the 800 
SPC model, show more relief when the OLA data are included primarily because images 801 
of Bennu’s south pole are poorly illuminated, as illustrated in (C) where the model in (B) 802 
is viewed using current lighting conditions on Bennu. On average, differences between 803 
the two products are fairly small (<0.2m). The addition of OLA removes smooth aprons 804 
around rocks and models the tops of rocks better, as seen in the difference map (D). 805 
Bennu products using SPC or OLA only are compared in detail in Al Asad et al., (2021) 806 
and are not shown here. But differences between OLA and SPC are usually smaller than 807 
those seen between (A) and (B) shown here, mostly because lighting conditions are better 808 
elsewhere on the asteroid. 809 
 810 

The mapolas were added to the SPC data set, and their centers in the images 811 
determined in the usual way by correlating rendered mapolas with orthorectified imaging 812 
data. The mapolas’ heights were used unchanged, but we assumed that the absolute 813 
location of the central vectors of these mapolas were not in the correct position. We 814 
therefore solved for them with eq. 12. The changes in the central vectors were fit to an 815 
affine transformation consisting of translations of about 5 cm per axis, rotations of about 816 
0.002° per axis, and a scale change of about 0.05%. Nonuniform scaling and shear were 817 
not considered.  The standard deviation of the fit was about 4 cm per axis, within the 818 
known absolute uncertainties for OLA and these Bennu SPC models. Once the central 819 
vectors were fixed, the albedo distribution (1+tz) was determined for each mapola by 820 
using eq. 21 with tx and ty determined from the new OLA-influenced shape, mirroring the 821 
final step in the maplet construction discussed above. This allowed a better determination 822 



of the mapolas’ overlaps with other image-derived maplets, an important part of the 823 
geometry solution. 824 
 825 

A separate approach was attempted whereby 640 individual OLA scans were 826 
added to the SPC solution. Each one of these scans included >1 million vectors each, 827 
describing an expansive 100 m by 100 m patch of the surface of Bennu, where the 828 
vectors are separated by a GSD of 5–7 cm. These can be directly correlated with 829 
corresponding SPC patches to obtain a transformation from the OLA coordinates to 830 
SPC’s with an almost identical fit as the mapola approach. The vectors could be used 831 
directly to provide constraining heights for the slope-to-height integrations in eq. 23. In 832 
the end, it was decided to use the mapola approach only, because the data volume from 833 
those products was more manageable. Any adjustment using the OLA scans for pole 834 
update, for example, required month-long iterations. Further, these vectors produced too 835 
much noise in the higher-resolution SPC maplet solutions derived from these mapolas 836 
and other lower-resolution SPC-derived maplets. These mapolas have reduced noise 837 
because they include a median height for the all the OLA returns available in a given 838 
pixel (see Barnouin et al., 2020, for more details). The original set of individual mapolas 839 
that are including in the SPCOLA results are available as .fits files in the Small Body 840 
Mapping Tool, downloadable at sbmt.jhuapl.edu. They participate with other SPC-841 
maplets in the final solution of the SPCOLA models, with their central vectors and 842 
orientations changing with each iteration or due to any changes in the reference frame, 843 
while maintaining their provided heights.  844 
 845 
6.2. Using altimetry data to scale small bodies accurately 846 

In the case of a rendezvous mission, where the spacecraft slowly approaches an 847 
asteroid, the initial scale of a small body and the landmarks used for proximity navigation 848 
are set by observing its increase in angular size with time. The size of the small body is 849 
determined by combining a camera model and Doppler-determined relative velocity. 850 
Because the approach is slow (meters to centimeters per second), uncertainties in the 851 
spacecraft velocity and the ephemeris of the target object can be significant and yield 852 
errors in the overall scale of a small body to perhaps a tenth of a percent (Gaskell et al. 853 
2006). If all linear scales including velocities and accelerations possess some uncertainty 854 
ε, and are therefore multiplied by an unknown scaling factor, say (1+ε), then several 855 
equally valid solutions for the asteroid can be reached.  856 

To circumvent such a scaling uncertainty, SPC can make use of additional data. 857 
Both the NEAR (Cole et al., 1997) and Hayabusa (Mukai et al. 2002) missions were 858 
equipped with a laser ranger approximately co-boresighted with the camera. Once a 859 
solution for landmarks and spacecraft state was achieved, it was possible to determine the 860 
vector to the surface point intercepted by the laser ranger, a known fixed pixel/line 861 
location in an image, the spacecraft position at the imaging time, and therefore the range 862 
r from that surface point to the spacecraft. If the measured lidar range to the surface at 863 
that time is (1+ε)r, then multiplying all linear scales in the SPC solution by (1+ε) yields a 864 
solution consistent with the laser ranging results. Such an approach was successfully 865 
employed during the Hayabusa mission (Gaskell et al., 2008; Barnouin-Jha et al., 2009). 866 

A different approach was taken to assess any size issues during the OSIRIS-REX 867 
mission because OLA is a scanning altimeter. During one of the fly-over phases (Detailed 868 



Survey; Lauretta et al. 2017, 2021), OLA collected 13 scans simultaneously with dense 869 
sets of OCAMS images, the only time during the mission that this was the case. These 870 
scans included estimates of the body-fixed spacecraft positions and surface intercept 871 
points derived from a reference ephemeris. By using an SPC-derived trajectory solution 872 
in place of the reference, a new set of surface points was determined. Because in this case 873 
there is no longer a single image pixel tied to a single lidar spot, as was the case for 874 
single-shot lidar, a first bigmap is made from the ensemble of SPC maplets and centered 875 
at the image's central pixel. A second bigmap is made from the lidar point cloud using the 876 
same reference frame central vector V and GSD s as the first bigmap. If Vc is one of the 877 
vectors from the OLA point cloud, then its x and y coordinates and its height are 878 

 879 
x = (Vc – V)�Ux/s, y = (Vc – V)�Uy/s, hc(m,n) = (Vc – V)�Ux/s      (35) 880 
 881 

where m and n are the integers nearest to y and x, respectively. Many of the m,n bins 882 
contain no projected vectors, so the second bigmap is constructed by using the heights in 883 
eq. 35 as constraining heights in eq. 23. The actual heights h and slopes t are initially set 884 
to zero. After a number of iterations, the ensemble of new heights h is used to produce 885 
new slopes t, and the iteration proceeds once more. If desired, the current slope estimates 886 
can be used to refine the constraining heights in eq. 35: 887 
 888 

 hc(m,n) = (Vc – V)�Ux/s + t2(m,n)(m – y) + t1(m,n)(n – x)         (36) 889 
 890 
 891 

 892 
Figure 8. SPC and OLA bigmaps used to improve navigation and global size. From left to 893 
right: bigmap from SPC; OLA point cloud coverage; bigmap from OLA vectors. The 894 
OLA point cloud is viewed looking vertical down on the surface shown on the right and 895 
left. 896 

Two 100 m by 100 m bigmaps were created around the central pixel of each 897 
detailed survey image, one from the set of maplets and the other from the OLA point 898 
cloud (Figure 8).  The bigmaps were about twice the PolyCam footprint and half that of 899 
MapCam and had a GSD of 50 cm, close to the OLA high-energy laser transmitter’s spot 900 
size.  Correlation of the SPC and OLA bigmaps provided range residuals along with an 901 
offset indicating a difference of about 0.01° in the OLA and SPC prime meridians. The 902 
average fractional range residuals for each of the daily scans had a minimum of ε = –903 
0.000070 to a maximum of ε = +0.000250, with uncertainties of about 0.00005 for each 904 
day. Included in the uncertainty value is a longitudinal variation that may indicate a slight 905 



offset of the center, but the overall asteroid size corrections suggested by the ε, –1.8 cm 906 
to +6.0 cm, are remarkably small and validate the SPC-derived size of Bennu. There is a 907 
noticeable variation with time of day, with the largest ε at 6:00 am and 6:00 pm local 908 
time and the smallest at 12:30 pm. The cause for this variation remains a mystery.  909 

 910 
7. Software implementation 911 

There have been many versions of the software over the years, and it is important 912 
to use a single one for a given project. The engineering version used on the OSIRIS-REx 913 
mission was that used for the ROSETTA comet encounter (2014), with a few cosmetic 914 
changes and bug fixes. Although the core philosophy behind our implementation of SPC 915 
(linear estimation, and the use of stereo and photoclinometry) is unchanged, over 70 916 
numbered versions of the software track the evolution of the science versions since then. 917 
Most of these updates relate to the use of additional datatypes. 918 

The core file structures for our current implementation of SPC have existed for 919 
two decades (Gaskell, 2001). Landmark (.LMK) files describe the locations and 920 
orientations of maplets, the pixel/line locations of the maplets in images and on image 921 
limbs, and the relative locations of overlapping maplets. Maplet (.MAP) files save the 922 
heights and relative albedos describing the maplet surface shape. Summary (.SUM) files 923 
contain the camera parameters and spacecraft state solution for each image and the 924 
pixel/line location of all maplets in the image and on image limbs. Nominal (.NOM) files 925 
contain the spacecraft state specified by the SPICE kernels. Spacecraft images (.DAT 926 
files) are stripped of any header information, and are byte or unsigned short, most 927 
significant bit files with no headers. 928 

The core SPC software has changed since 2001 from a monolithic octopus of 929 
code to programs that perform specific functions. Here, we briefly introduce some of 930 
these programs; see Palmer et al. (2022) for more detailed descriptions. PROCESS_FITS 931 
or PROCESS_IMG converts mission optical data to the SPC image format (.DAT) and 932 
saves ancillary information for the creation of .NOM and initial .SUM files. 933 
MAKE_SUMFILES uses SPICE data to create .NOM files and initial .SUM files. 934 
REGISTER, while becoming an octopus in its own right, has the primary function of 935 
providing an initial spacecraft state solution for each image by aligning the image with an 936 
initial shape model. It is also used to correct the range to the body during approach, to 937 
find an initial pole solution, and, in conjunction with the limb program LIMBER, to 938 
refine the initial shape model. AUTOREGISTER is used to further refine the spacecraft 939 
state by locating exiting maplets in new images. LITHOS, the workhorse of SPC, 940 
constructs the maplets and the landmark files from the spacecraft states and imaging data 941 
as described in Section 3. GEOMETRY solves for the landmark vectors and spacecraft 942 
states using the methods of Section 3. RESIDUALS finds the differences between 943 
observed and predicted image space positions of the landmarks, displays them in ways to 944 
flag possible misalignments, and computes the final linearized RMS residual. 945 

Many utility programs have been developed to better exploit the results from the 946 
core SPC software. Among these are BIGMAPS and DENSIFY, which construct high-947 
resolution topographic maps and ICQ DTMs as described in Section 5, and software to 948 
turn a set of topographic maps into global gridded topography in various projections. The 949 
albedo portion of a maplet is a relative distribution designed to better identify the 950 
topography signal in the data. Combining these individual signals in making a larger map 951 



may be questionable, so an ALBEDO program was constructed to find the relative albedo 952 
signal over an entire topographic map. 953 
 954 
8. Conclusion 955 

SPC is a powerful approach for accurately modeling the shape of planets and 956 
irregularly shaped small bodies (Barnouin-Jha et al., 2008; Jorda et al., 2016; Perry et al., 957 
2015; Barnouin et al., 2019; Al Asad et al. 2021; Palmer et al., 2022), even when limited 958 
data are available (Daly et al. 2022). This paper explains the mathematics behind the SPC 959 
method. At its essence, SPC uses images and a priori estimates of a spacecraft trajectory 960 
to solve for the surface shape and relative albedo of a target object, and a provides 961 
reconstructed spacecraft position and pointing. The images provide both stereo-parallax 962 
and shading information that allow estimating the surface shape in three dimensions. 963 
Linear estimation is at the mathematical center of SPC. In addition to images, SPC can 964 
accept and has taken advantage of many data types with excellent results, including limb 965 
information and laser altimetry.  966 

The original goal of SPC was to provide easily identifiable control points for 967 
spacecraft navigation and target shape determination.  The maplets used to define the 968 
control points can exhibit topography at levels close to the resolution of the best input 969 
images.  The quality of the data plays a role in the success of SPC and can be limited by 970 
physical or mission constraints. In many cases (Mercury, Ceres, Itokawa, Bennu, etc.) 971 
there is little seasonal variation and some areas in the north and south are never 972 
illuminated. In these cases, illumination near the equator is also mainly in the east-west 973 
direction, giving little information about north-south slopes.  Inclusion of auxiliary data 974 
such as laser altimetry can help with the solutions and was used for NEAR, Hayabusa, 975 
and OSIRIS-REx analysis.  In some cases, such as the DAWN mission, the cameras had 976 
sufficient dynamic range to produce data in the permanently shadowed areas from 977 
secondary illumination.  An experimental procedure has been developed for building 978 
maplets from these data.   979 

Shape models constructed from the maplets are true three-dimensional 980 
representations, whereas bigmaps and the maplets themselves are 2.5-dimensional — 981 
heights relative to a planar grid.  The imaging data used in SPC translates into slopes 982 
rather than heights, and sharp height changes or even overhangs tend to be smoothed 983 
down by the slope-to-height integration procedure.  The use of many overlapping maplets 984 
helps to some degree because there is variation in the orientations of the reference 985 
planes.  A possible area for experimentation on this front would be to create a number of 986 
otherwise identical maplets with different reference planes. 987 

Each new mission seems to introduce one or more wrinkles to test SPC.  In the 988 
case of OSIRIS-REx, the navigation cameras used rolling shutters and this capability is 989 
now included in SPC.  The official version of SPC used on OSIRIS-REx dates from mid-990 
2014 at the beginning of the ROSETTA mission’s comet encounter.  It was necessary to 991 
modify that version of SPC to handle and solve for non-principal axis rotation.  This new 992 
feature was used to characterize the changing pole and rotation rate of the comet 993 
67P/Churyumov–Gerasimenko.  Many years ago, an alternate version of SPC designed 994 
for line array cameras was developed.   Line array data generally have much higher 995 
resolution than framing camera data but do not have the advantage of a rigid connection 996 
between image points.  Lately, several bodies (Phobos, Deimos, Pluto, and Charon) have 997 



been studied that have both framing camera and line array data.  The .SUM files for line 998 
array cameras contain extra information to determine the s/c state for each line of the 999 
image.  The latest version of SPC incorporates the mathematical methods for handling 1000 
this line array data, which previously existed in a separate experimental module. 1001 
 As an example, a near-final application of SPC on OSIRIS-REx was the 1002 
construction of the spacecraft trajectory during the Touch-and-Go (TAG) sample 1003 
collection maneuver. Autonomous navigation during this phase was accomplished by 1004 
natural feature tracking (NFT; Olds et al. 2022; Norman et al., 2022; Mario et al. 2022) 1005 
using a hundred or so SPC derived feature maps.  Here we show an estimate of the 1006 
trajectory of the S/C during TAG. We use all the landmarks that went into the our SPC 1007 
terrain solution before TAG, making use of nearly all the images captured by nearly all 1008 
the cameras on the S/C employed until just before TAG. Afterwards, when the spacecraft 1009 
had retreated far enough, we use visible landmarks undisturbed by the sampling and 1010 
thrusting.  The spacecraft positions and velocities determined by the procedures of 1011 
Section 3.1 allowed a precise trajectory determination to within a few centimeters, and a 1012 
dynamical model fitting to these data enabled the interpolation in the interval when the 1013 
surface was obscured following the ascent burn.  An anaglyph of the resulting trajectory 1014 
appears in Figure 9.  The checkpoint burn cancels the orbital velocity, and the spacecraft 1015 
begins its descent toward Bennu.  The matchpoint burn adjusts the horizontal velocity to 1016 
match the rotation of the body.  Just after TAG, the ascent burn starts moving OSIRIS-1017 
REx away from Bennu. The last use of SPC at Bennu was performed during a subsequent 1018 
flyover of the TAG site to assess surface changes. The SPC results are discussed 1019 
extensively in Lauretta et al. (2022). 1020 
 1021 



 1022 
Figure 10.   Anaglyph of SPC determined trajectory for the OSIRIS-Rex sample 1023 
collection operations. 1024 
 1025 
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