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Abstract: The Dawn S/C was launched in September 2007 in order to perform remote sensing
observations of the asteroids Vesta and Ceres. Dawn entered into orbit about Vesta in July 2011,
completed successfully the mission goals, that were carried out in four different science orbits,
by August 2012 and has since departed towards asteroid Ceres. An important component of the
Dawn navigation was optical navigation, which was performed at almost all mission phases.
Optical data types were used in the overall orbit determination process. In addition they were
used to determine some key aspects of the asteroid’s physical characteristics, such as the
rotational axis, shape and surface morphology and gravity terms. In this paper we present an
overview of the optical navigation operations at Vesta, the optical navigation planning, image
acquisition strategy, data reduction methodology, and the up-to-date post operations assessment.
Of particular importance is the extensive use of landmark navigation, which was performed for
the first time for real-time support of operations and which comprised the bulk of the optical
data processing.
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1. Introduction

The Dawn S/C was launched in September 2007 towards asteroids Vesta and Ceres[1], in order
to conduct remote sensing observations of their surface, interior and elemental composition. The
payload consists of two optical instruments, or Framing Cameras 1 & 2 (FC1, FC2), a Visual and
Infrared Mapping Spectrometer (VIR) and a gamma ray and neutron detector (GRaND). In
addition radiometric data are collected to determine the gravity field, [2],[3],[4].[5], [6],[7].
Dawn is a low-thrust mission [8],[9]; most of the impulse needed to reach its destinations is
provided by one of its three ion-propulsion engines, which run almost continuously during the
~3 ' of the cruise phase. In addition, the maneuvers designed during cruise and orbital
operations were also conducted with one of the ion-propulsion engines[10],[11],[12],[13],[14].
Dawn began its approach operations phase towards Vesta on May 2 2011 and was captured by
Vesta on July 14 2011. Subsequently it transferred to 4 science orbits, each with distinct orbital
characteristics, scientific goals and duration; Survey, High Altitude Mapping Orbit 1 (HAMO-1)
Low Altitude Mapping Orbit (LAMO) and HAMO-2. Following the successful completion of
the last science orbit Dawn has spiraled out and escaped Vesta on Sep 5 2012. During the
science orbits Dawn would strictly coast, acquiring and downlinking science data, with the
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exception of LAMO where five Orbital Maintenance Maneuvers (OMM) were performed for
safety reasons, namely to avoid Dawn going into eclipse. During approach and transfers Dawn
would mostly be in continuous thrusting with the exception of a few coasting opportunities for
collecting radiometric and optical data and for engineering telemetry.

An important component of the Orbit Determination process is optical navigation (OpNav),
which was used at all mission phases with the exception of the transfer from LAMO to
HAMO-2. Optical data are complementary to the traditional radiometric range and Doppler data
and often allow visibility in directions perpendicular to the radiometric data. Optical navigation
was used to support real-time operations, to determine some key physical characteristics of
Vesta, such as the asteroid’s pole, shape and gravity terms and to support trajectory
reconstruction for science applications.

In this work we present a summary of the OpNav Dawn operations, which includes a summary
of the mission phases, Dawn cameras and their calibration, OpNav planning and acquisition, data
types and data reduction, and in-flight performance. Of particular interest is the application of
landmark navigation, which was used extensively during orbital operations. Many details of the
in-flight calibrations, image planning, data processing & methodology were presented in [15], to
which we refer for more discussion, and for completeness we summarize here.

2. Mission phases

The guiding principle of the Vesta science orbits design was that during each one a particular
instrument would be prime, collecting the bulk of its data, whereas the other instruments would
either ride along or collect data as permitted. This principle determined the types of orbits as well
as the payload pointing. Another consideration for the overall design of the mission phases was
the solar illumination of Vesta. The rotational axis of Vesta is such that during capture and the
beginning of the science investigation, ~ August 2012, the solar latitude was in the southern
hemisphere at 26° S resulting in areas northern than ~ 50° N being dark. In order to image most
of the northern latitudes, certain mission phases had to be repeated at a later time, closer to
Vesta’s equinox. A breakdown of the Vesta operations into the mission phases with a summary
of the key scientific investigations is as follows [16];

Approach phase: This was mostly a navigation phase that began 100 days prior to orbit
insertion. During this phase the range to Vesta decreased from 160,000 km to 3000 km, Dawn
was gravitationally captured and then slowly spiraled into orbit. It included many coasting events
for radiometric and 24 OpNav acquisition opportunities. Of particular importance are the
Rotational Characterization imaging events (RC) during which Vesta is observed over a full
rotation period, 5 h 20 min. There are 4 such opportunities, RC1 at 10 km/pixel FC resolution,
RC2 at 5 km/pixel and RC3 and its backup RC3b at 0.5 km/pixel. The main scientific
investigations are the determination of Vesta’s pole direction, phase function and a search for
satellites of Vesta.

Survey: A circular polar orbit with targeted mean radius 3000 km, and a targeted beta angle,
defined as the angle between the orbit plane and the Sun, at 12°-15°. The prime instrument is
VIR for the surface spectral and mineral composition. In addition, OpNav images and a number
of FC observations of opportunity were acquired. It consists of seven complete orbits, the first
six for data collection, and the last as an additional margin time needed for the navigation team



to prepare for the orbit transfer. The choice for the small beta angle is in order to minimize the
emission angle, reduce the surface shadowing and therefore allow as large a signal to noise as
possible for VIR.

HAMO-1: A circular polar orbit with a 900 km mean radius and a targeted beta angle of 30°. It
lasts 62 orbits or ~29 days and the primary objective is the surface topography from FC images.
It is broken into six cycles, where each cycle maps completely once the illuminated surface.
During the time period of this phase the Vesta solar latitude is in the south and such that Vesta is
illuminated over a latitude range from 90° S to ~45° N. Each cycle has a particular pointing
direction with cycles 1 and 6 pointed nadir and the others are fixed non-nadir. In addition a
number of VIR frames are acquired.

LAMO: polar orbit at a 450 km radius and a targeted beta angle of 45°. This phase was extended
to last almost 5 months, and it was primarily devoted to GRaND and gravity science with
additional FC and VIR nadir observations as permitted by the downlink bandwidth.

HAMO-2: This is a repeat of the 6-cycle HAMO-1 at similar orbital characteristics except that
the beta angle at the beginning of this phase was set to 34° and was allowed to slowly drift
towards 27° at the end of this phase in order to allow better illumination of the north latitudes.
The objective of repeating these observations was to image sufficiently the latitudes between 50°
and 80° which were not visible in HAMO-1 so as to allow the topographic reconstruction of
Vesta in these areas.

Departure RC4: Following departure from HAMO-2 a last rotational characterization set was
acquired on August 26" at a range of 6000 km in order to image the remaining, as yet unseen
north terrain.

Since the science orbits do not include scheduled OMM, except for LAMO, the correct timing
and pointing of the science acquisition plan was maintained by adjusting the epoch of the
sequences on-board, as well as updating the Dawn-Vesta relative ephemeris on-board so that the
Attitude Control System (ACS) could correctly point the payload either towards Vesta nadir or at
an offset to the center of Vesta.

3. Dawn Cameras

For redundancy, Dawn is equipped with two framing cameras, FC1, and FC2, which are
nominally identical and serve image acquisition for both Science and OpNav [3]. The cameras
have a 19 mm aperture size, an IFOV of 93.3 urad and use refractive optics. Light is focused on
a standard 1024x1024 frame transfer CCD. Both cameras underwent extensive in-flight
calibrations. Photometric calibrations imaged Vega and various solar analogs. Geometric
calibrations used cluster observations to estimate the focal length, as well as a 5-parameter
distortion model. The calibration results allow an astrometric accuracy of 0.09 - 0.11 pixels (1-c)
when imaging a few stars at a minimum signal-to-noise (SNR) > 10. Cluster observations were
also used to estimate the cameras’ alignment in the body frame, by comparing inertial pointing
established from the camera star measurements to the cameras’ pointing from attitude telemetry
from ACS. Following the removal of a fixed bias between the two coordinate systems, the



residuals pointing error is ~ 1 FC pixel and is mostly random. The removal of fixed camera
misalignments is essential because when in orbit about Vesta it is not possible to image stars and
therefore the pointing information from ACS is the only one available. The only important
measurement that we were not able to perform prior to the beginning of approach operations
were the in-filed and out-of-field stray-light properties in the presence of a very bright object,
and hence the effects of the presence of Vesta on adjacent star images was not known until actual
operations.

4. Optical data processing

Optical navigation was used in all mission phases with the exception of the transfer from LAMO
to HAMO-2. The main tasks for OpNav were support in the on-going orbit determination and
orbit prediction efforts for future maneuver designs and science sequence updates, such as epoch
shifts and on-board ephemeris updates, in the science orbit reconstruction, in the Vesta parameter
estimation, such as rotational parameters and gravity terms and in the science planning support
by providing updates to the Vesta global topography. The key OpNav interfaces were with the
sequencing team, for image acquisition sequencing, with the FC team, for image retrieval and
with the mission design team for planning purposes and with the orbit determination team for the
ongoing exchange of optical observations and updated trajectories.

4.1 Data types

At the beginning of approach Vesta was already ~5 FC pixels across, so the data types used were
those of an extended body, limb scans and landmarks. Limb scans were used from the beginning
up to late approach (OpNav18), where Vesta was >500 FC pixels. Landmarks were used from
mid-approach (RC1) where Vesta was 60 FC pixels across to the end of the mission. During the
time period RC1- OpNav18 where both data types were used, a) the limb scans were processed
first as an initial step in order to assist in an updated Dawn-Vesta state estimation and b)
improved ephemerides for Vesta & Dawn were used as inputs in order to construct landmarks or
reprocess existing ones.

Limbs scans are observations of the location of the limb of the object in order to estimate its
center of figure (CoF). Scan lines are constructed, usually normal to the predicted limb, which is
computed from the projection of an a-priori shape model, expressed in spherical harmonics. The
a-priori shape is either a triaxial ellipsoid or a more arbitrary shape. Both of these options were
used. Next a model brightness profile is constructed with an assumed reflectance function, and it
is correlated with the brightness profile from the image in order to determine the best limb
location and the CoF. The number of scan lines is determined automatically and increases with
the size of the body. The accuracy of the method flattens out as the body size increase to >~ 100
pixels, to ~ 1-2% of the radius. The inputs to the orbit determination are the pixel, line location
of'the CoF and if stars have been imaged, an updated camera inertial pointing.

4.2 Landmark processing

Landmarks are body-fixed vectors from the body center to its surface. A landmark is defined as
the center of small digital terrain and albedo model, or landmark map that extends over a fraction



of the surface. Landmarks are not associated with specific surface features and do not depend on
the existence of such body features; they require only a modest brightness surface contrast, ~3-4,
for the construction of the maps, which are built with stereo-photoclinometry (SPC)
[17],[18],[19]. The key steps in constructing landmarks at Vesta were as follows;

1) Approximate locations for the center of maps on the surface are specified mostly based on
latitude, longitude. A map pixel scale and grid size is also selected, usually 99x99 pixels. The
map scale is chosen in advance based on mission phase and image resolution considerations. A
local coordinate system is also constructed with each map, as shown in figure 1. The latitude,
longitude coverage of the given image set is known in advance, by running off-line utility
surface coverage tools and a tiling scheme is already in place for determining the separation of
the map centers.
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Figure 1. Landmark map geometry

2) Starting with the a-priori camera pointing, Dawn & Vesta ephemerides and existing a-priori
topography or a shape model, all images that could overlap with the map are searched and those
that meet certain criteria are retained for the map construction. Such criteria include the range of
emission angles, with typical values from 0°-60°, the resolution ratio between map pixel and
image pixel, which is usually in the range x3 — 1/3 and the fraction of the illuminated portion of
the image that overlaps that of the map, usually > 25%. There is no upper limit to the number of
images that can be used, however there is a minimum of 3 images needed.



3) For those images that meet the above criteria, the parts that overlap on the newly defined map
are extracted, resampled to the map pixel scale and normally projected on the map. Depending
on the map resolution the normal to the surface is determined from either an existing a-priori
shape model or from other coarser maps at resolution higher than the shape model. Because all
images are resampled to the map scale images that differ in resolution by a factor as large as 10
or more can be used in the same map. This is particularly the case on approach where the Vesta
image resolution varies rapidly.

4) At each pixel x of each projected image template that is not dark, a predicted brightness model
1s constructed,
Li(x) = A(1+a(x)) R(i.e) + Dy, (1

Where a(x) is a relative albedo parameter, normalized to have a zero mean over each map, k is
the image index, R(7,e) is the reflectance function, i and e the incidence and emission angles,
Ax ascale factor and @y a background brightness value. The photometric model connects the
local slopes in each map pixel, (t,t2), along the two horizontal map directions to the imaging
geometry via,

cos(i) = (s3-siti-sata) N(1+t,7+t,%),  cos(e) = (cz-citi-Cata)N(1+t,7+t,7) (2)

where ¢ is the camera unit vector and s the body-sun unit vector. The reflectance function in its
simplest form is a linear combination of Lambert and Lommel-Seeliger laws but it can include
phase angle terms as well. For most of orbital operations, the spatial extend of each map is small
enough that there is very small phase variation so the lack of a detailed phase function is not
considered a limitation.

5) At each map pixel the slopes and albedo are estimated by minimizing via weighted least
squares the difference between the extracted image brightness template and the model image
brightness of equation (1), while also solving for the per-image scale factor and background
values, Ax and @y . During the first step of this stage, due to random pointing errors from image
to image and also due to larger projection errors for images at large off-nadir angles, the mean
brightness model is often fuzzy. The next step is to re-illuminate the brightness model at the
geometry of each individual image, and cross correlate each image template with the average
brightness model. An image shift is computed from the peak of the correlation measure and
applied to every image. The process is repeated starting with step 4 above until the shifts become
very small, typically < 0.01 map pixels. Images that for various reasons, e.g., too dark or with
large projection errors, show poor correlation may be discarded at this stage and re-introduced
later. This process also modifies the pixel, line location of the landmark in each image, and
therefore the observations. Figure 2 shows the endpoint of such a process from late approach.
The first row shows the image templates extracted from images of comparable resolution but
different illumination conditions after the iterations in step 4 and 5 have been performed a few
times. The second row shows the same mean brightness model that is rendered at the particular
geometry of each image. The image resolution ranges from 1.2 — 1 km/pixel and the map scale is
1.5 km/pixel.



Figure 2. Upper row; image templates from late approach resampled, aligned and projected on
the surface. Lower row; the brightness model re-illuminated at the geometry of the respective
image

6) The slopes are integrated into local heights. This process requires boundary conditions, which
are initial seed heights. These are stochastically sampled from an existing shape model or nearby
overlapping maps. The heights are then computed via a relaxation process over many iterations
until we have reached convergence.

7) After the map is completed the final step in determining a single landmark map is to search for
additional constraints that are used in the global estimation solutions; limb points and map
overlaps. If a map can be identified in the limb of an image, the limb condition is an additional
constraint of the camera pointing solution in the direction perpendicular to that limb. By design
there are always nearby overlapping maps, which share common topography with the current
map. Due to projection and illumination effects and because nearby maps may not include
exactly the same images, the heights of such overlapping maps may differ initially. Cross-
correlation in the overlap area provides a relative vector between these landmarks which may
differ from the landmark difference as determined from the construction of these maps. This
relative vector is an additional constraint in the global landmark solution.

8) Systematic tiling of the visible surface area. The above steps are repeated until all area that is
imaged is mapped, based on the geometric constraints of step 2 above. In the first stages of such
tiling, we use latitude, longitude coordinates at a spacing that corresponds to a specific spacing
of the landmark maps so that for a given map there is a minimum of 3-4 overlapping maps.
Typical spacing is such that there’s a minimum of 20% of common surface area shared by
nearby maps, and in the first stages as much as 50%.

9) Global solutions: After tiling the surface the next step is to solve for the landmark vectors,
camera pointing and camera position via a global weighted least squares estimation that
minimizes the difference between predicted and observed landmark pixel, line positions. Initial
weights reflect the expected accuracy of the S/C-Vesta position, camera pointing and landmark
position based on the accuracy knowledge of the a-priori shape where they are projected. The
process is iteratively, first solving for the landmark vectors, then for the camera pointing and
S/C-Vesta position. At each stage of the iteration the updated covariances are used as inputs in



the next stage. Usually 3 iterations are sufficient for convergence. The estimation of the S/C-
Vesta relative position is really a kinematic one on a per-image basis, neglecting all the
dynamical data, with some image-to-image constraints based on the predicted velocity
uncertainty, so as to avoid a truly random correction among adjacent images. However it is
important that the S/C-Vesta vector be included in the estimation process since position
correction to some degree correlates with pointing. A common practice has been to always use a
realistic predicted position uncertainty from the orbit determination team so as not to over-
correct for the relative position. Subsequently the post-fit residuals of landmarks in images and
between overlapping maps and the landmark diagonal elements of the position covariance are
inspected for outliers. Such outliers could be due to poor correlation of image templates from
map projection effects, or due to a particularly dark patch of an image, or very rarely due to
mis-identification of features in the cross-correlator. These outliers are usually corrected by
hand.

Once we have reached this state the newly created landmarks can be used in the orbit
determination process. The inputs to the orbit determination are the body-fixed landmark
Cartesian vectors, the diagonal elements of the 3x3 landmark position covariance, the pixel, line
location of all landmarks in all images of interest and the pixel, line landmark centerfinding
uncertainties.

For a given landmark and image set the above steps are the first stage in a multi-iteration
process. Because the map slopes and photometric model is tied to the imaging geometry and the
landmark position any improvements in these as a result of the global solutions will improve the
model of each map which in turn will lead to more accurate landmark locations. The steps 4 — 9
outlined above are then repeated a number of times, mostly in batch mode using preset
processing scripts, until there’s no longer reduction of the post-fit residuals. Each of these
iterations results in an improved set of OpNav inputs to the orbit determination process.

10) Finally when there is sufficient surface coverage by maps the individual maps are integrated
into a shape model. The construction of updated shape models early on in the landmark
development process is important in order to correctly project future images on the surface.
Accurate image projection results in more accurate estimation of local slopes and albedos and
eventually more accurate maps and landmark vectors. Due to operational constraints in accessing
the elements of the shape model, our current models are limited to ~1.56 x 10° vectors which for
Vesta corresponds to a surface separation between adjacent shape model vectors of ~700 m.
Therefore, the usefulness of the shape model decreases as the image resolution and the map
resolution increase which in this mission happens at the end of Survey. After that phase, we
synthesize larger format regional maps, up to 1024 x 1024, which we call “bigmaps”, that we use
to project images for the construction of a new, higher resolution, set of landmarks. Figure 3
shows an equatorial view of the shape model at the end of HAMO-2.



Figure 3. An equatorial view of the shape model of Vesta after the end of HAMO-2. The
complex topography of the south pole basin as well as the equatorial troughs is apparent.

5. OpNav data acquisition summary

The OpNav acquisition plan was developed in the 3 years preceding Vesta operations. The plan
was evolved iteratively following navigation performance analyses, mission requirements and
also taking into account the overall science data acquisition plan. The year preceding Vesta
operations, the OpNav imaging plan was merged with that of science on a mission phase basis,
into integrated sequence builds that included all instrument and ACS commands as well as all the
playback and background sequence commands. These sequences received only minor changes



during Vesta operations, mostly in exposure durations and in the absolute epoch that defined the
beginning of each sequence.

The pre-Vesta established plan for image acquisition was carried out almost as planned with the
exception of a few instances were anomalies, such as S/C safing events or instrument issues
prevented either the acquisition or the playback of the images.

5.1 Approach: A total of 24 OpNav sessions were scheduled out of which 23 were executed.
These varied in duration and frequency from 2 hour every week in early approach to 1-2 hour
long every few days in late approach. They include the 4 RCs that last a full Vesta rotation
period, 5 h 20 min. When Vesta was predicted to be < 1 FOV, up to OpNav19, these were
planned as star-relative observations. Due to the large brightness ratio between Vesta and
background stars, which the dynamic range of the detector could not accommodate, the star-
Vesta observations alternated between long star exposures and short Vesta exposures. The 5
OpNav opportunities during late approach and spiral to Survey were placed so as to acquire to
the extend possible a complete surface coverage at varying views for constructing landmarks.

5.2 Survey: There were a total of 6 dedicated OpNav sessions, 1 per orbit, of 2-hour duration
following the dark-to-lit terminator crossing, offering complete longitude coverage of north
latitudes in the 50° N - 20° N range. Two mosaics, one equatorial and one polar, in a 1x3 offset
pattern over a full rotation period. These mosaics were deemed sufficiently important so that for
redundancy reasons they were repeated. The mosaics covered all longitudes, but with some gaps,
between 25° N - 90° S. Science imaging, pointing at fixed offset relative to Vesta over a full
rotation period at various orbits filled any existing gaps and offered an additional rich dataset. A
total of 854 clear filter images were acquired.

5.3 HAMO-1 & HAMO-2: There were no dedicated OpNav images. Instead all of the science
clear filter images acquired for topography were used for navigation as well. Two of the off-
nadir cycles had pointing optimized for SPC with emission angles in the ~40° - 45° range and
the other two were optimized for stereo-photogrammetric topography methods. On the average
~2500 clear filter images were acquired for each of these phases, the only loss being a complete
orbit in Cycle 1 of HAMO-1 due to a camera anomaly.

5.4 LAMO: As with HAMO-1 and HAMO-2, there was no dedicated OpNav imaging, but all
clear filter images were used. During LAMO Dawn was pointed to Vesta center and
consequently all images were either nadir or at a very small off-nadir angle, due to small
trajectory and pointing errors. The LAMO acquisition plan was designed in cycles that lasted 4
weeks each. Each cycle had a different pattern and volume of images acquired in order to
accommodate the playback of the other instruments and/or the acquisition of color images. The
total number of images per week varied from as few as 120 in Cycle 3 (February 2013) to as
many as 630 in Cycle 5 (April 2013).

5.5 Transfers: Few OpNav sessions were planned for the Survey-to-HAMO-1 and HAMO-1-to-
LAMO transfers. Transfers were dedicated to continuous thrusting with a few interruptions for
acquiring tracking data and images. A particular difficulty for planning OpNavs during the
transfers was the fact that the S/C flight path control was phase-free relative to Vesta, making
planning in advance for certain time windows within which to acquire images very risky that the



images could be acquired on the dark side of Vesta. For the transfer to HAMO-1 we had planned
3 OpNav opportunities, but for each of these we had sequenced 3 different possible times spaced
roughly 120° around Vesta from which we selected to execute one, once the actual Vesta phase
was known. For the transfer to LAMO no such planning was possible and from the 7 total
OpNav sessions ~3/4 of the data were on the dark side of Vesta and unusable.

6. Approach Operations

The main objectives of the OpNav effort on approach was to assist in the orbit determination and
orbit insertion in Survey. Part of that effort was estimating the first important Vesta parameter,
its rotation axis, which began when the first set of landmarks were constructed.

Overall image acquisition and processing was executed as planned, with one anomaly only, a
safing event that prevented the acquisition of OpNav14.

There were 40 full frames per session alternating between short exposures for Vesta, in the 9-7
ms range, corresponding to a phase angle 42° - 30°, and the longer star exposures of 1.5 s, that
were required to image 8" - 9" visual magnitude stars. The long exposures overexposed Vesta
by a factor of 30 above full well. Fortunately, the out of field scattered light was significant only
close to Vesta so that most stars were unaffected in early approach. Analysis showed that the
scattered light was equivalent to a 7th mag. star at an altitude ~1000 km from Vesta, which
meant that we could not image stars from OpNav18 and later when Vesta reached 500 pixels
across. Figure 4 shows a long exposure from OpNav2 with stars down to 9™ mag. and the
saturated disk of Vesta. Figure 5 shows a 9 ms exposure image from the same session with Vesta
and the superimposed projected disk of a triaxial ellipsoid, taken at ~ 10° km range. Vesta is 6
pixels across at a resolution of ~87 km/pixel.
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Figure 4 (left). Full frame of a 1.5 s exposure image from approach observations of saturated
Vesta at the center and the star background.

Figure 5 (right). Close-up of a 9 ms exposure image, showing Vesta with a superimposed
ellipsoid disk.



The inertial camera pointing was estimated from the stars, with post-fit residuals of 0.08 — 0.11
pixels. That camera pointing solution was propagated from the time of the long exposures to the
time of the short exposures in order to estimate the inertial pointing of these images. The
pointing interpolation was performed with an exponentially decreasing time correlation between
the Vesta and star images, with a time constant roughly twice the image separation.

The method uses the pointing correction from the star images and the nominal ACS pointing
from all images in order to interpolate the pointing correction of the Vesta images. In Figure 6
we show such an example of interpolated pointing values from OpNav2
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Based on the inertial pointing errors and the noise in the ACS data the accuracy of this method
was estimated to be ~0.2 pixels (1-6). On two instances where we serendipitously had two, 2™ &
3" mag. stars in the Vesta images, and therefore were able to establish the camera pointing
independently we could confirm that the accuracy of this method was indeed at least 0.2 pixels.
An inertial pointing comparison between star images, which was regarded as the “truth”, and
ACS was conducted with the 16 OpNav sessions that imaged stars, to establish the expected
ACS pointing errors for the other mission phases, which was measured to be 0.9 pixels (1-o).
For the first 11 OpNavs, where Vesta ranged from 5 — 40 pixels across we used only limb scans
to estimate the CoF. As expected the number of converged scans perpendicular to the limb
increased with the size of the body from 6-8 scans/image in Opnavl to > 100 scans/image in
OpNavl16. Similarly the centerfinding Vesta uncertainty decreased from 0.5 pixels in OpNavl
until it flattened to ~0.15 pixels in OpNav8 and later. There were two choices for the a-priori
shape model that we used in the limb scan fitting. One was a triaxial ellipsoid, based on the best-
fit triaxial model from the HST observations [19] with semi-major axes, a=289 km, b=280 km
and ¢=229 km and the other was the shape model extracted from these observations,

which even though very coarse it modeled the outline of the south pole crater far better than the
ellipsoid [19]. One surprising result, was that the triaxial ellipsoid worked better with the limb
scans compared to the shape model. Overall, the number of images for which there was no
convergence in the CoF estimation with the shape model was quite high, ~25%, and the scatter
of the centerfinding results larger as compared to the triaxial ellipsoid. One tentative explanation
is that the representation of the shape model in terms of spherical harmonics was not sufficient to
capture the details of the surface irregularity as projected in the image which resulted in fewer
limb scans converging. This topic is still under investigation.



Starting with Opnav12 (or RC1) the first set of landmarks was constructed. A total of 36 Vesta
images were acquired spaced 10° in Vesta rotation. This particular session was chosen following
analysis that included high-fidelity simulations to establish the earliest time that landmarks could
be constructed. At that range, ~10° km, Vesta has an apparent diameter of 62 FC pixels, with 9.3
km/pixel. The challenge is to construct landmarks with maps small enough relative to the
curvature of the surface. A number of combinations of map grid sizes and resolutions were
studied and we finally decided on 99x99 maps at 1.5 km/pixel. Maps with fewer grid points, say
25x25, and map scale closer to the image resolution did not cross-correlate as well due to the
smaller number of map pixels. Constructing maps at a scale 6x higher than the image resolution
is at the limit of the applicability of the method and the map intrinsic resolution is really closer to
10 km rather than that of the map scale. However, by adding higher resolution images at later
times to the same landmarks, eventually the average image/map scale is reduced. With the sub-
S/C Vesta latitude at -33°, the surface image coverage is limited to the southern hemisphere and
up to 10° N. We tiled the surface systematically starting at 5° N, moving at steps of 12° in
longitude and 10° in latitude near the equator, and gradually increasing the longitude spacing to
45° at 75° S, for a total of 211 landmarks. Depending on the lat/lon of Vesta each landmark
contained between 4 - 20 images with fewer images in the equator and more images at the south
pole.

After their initial construction these landmarks underwent many of the iterations outlined in the
previous section in order to reduce the residuals of the global fit between landmarks & images.
After the first iteration the RMS of residuals between images and landmarks as well as between
overlapping landmarks, was 3.9 km (or 0.43 image pixels) and the RSS of the diagonal elements
of the landmark covariance averaged over all landmarks, 2.0 km. The latter is a measure of the
landmark height error. At the end of each of these iterations a delivery was made to orbit
determination. Figure 7 shows the extracted and modeled image brightness for a particular
landmark map. As expected there’s an apparent lack of feature definition given the large
image/map scale ratio. Finally the first shape model was constructed from these maps, covering
mostly the southern hemisphere. Figure 8 shows an equatorial view of that model. Although
quite coarse with a true resolution of no better than 10 km, re-projection of the same images on
this shape model further reduces the post-fir residuals to an RMS of 2.7 km or 0.29 FC pixels
and the average of the RSS landmark covariance to 1.5 km. The total number of observations,
defined as the sum of all pixel, line pair of landmark observations in all images is 5124.

- -




Figure 7. A section of the extracted and modeled brightness map model at 1.5 km/pixel from
RC1 images at 9.3 km/pixel. Even though there’s poor feature definition, the brightness contrast
is sufficient to allow accurate sub-pixel correlation between images and map.

Figure 8. The first shape model on
approach to Vesta from the RC1
observations. The area south of 10° N is the
rough topography from the RC1 images,
whereas the area north of 10° N is the
original featureless shape model from HST
observations. Even though very coarse, it
already shows the outline of the south
regions topography

During the next five data sets OpNav13, RC2, OpNav16-18, the S/C moved to progressively
further southerly latitudes with the last two sessions crossing the south pole, while reducing the
range to Vesta to 10800 km. Consequently the surface coverage remained the same and there
was no need for adding any new landmarks. Instead the new images were added to the existing
landmarks as follows;

a) all current landmarks within certain geometric were added in each new set of images. A
pointing solution was performed based on the landmark location and the initial trajectory
and image pointing. This process allows a quick input to orbit determination without
modifying the landmark vectors

b) landmarks that are included in the new images are rebuilt, with new slopes and heights
estimated. A global fit is performed that solves for the pointing and landmarks based on all
images. This process, time permitting, may iterate a few times, each time checking for
outliers. At the end of this process another delivery to the orbit determination is made,
with, in principle, modified landmark vectors. The pixel, line landmark location of past
images can change as a result of adding new images to the same landmark, and therefore
the whole set of past observations has to be re-delivered in this process. If needed, an
improved trajectory based on both the optical and radiometric data may be used to update
the nominal S/C position prior to the landmark re-estimation.

c) Asneeded a new shape model is constructed. Due to the rapid change in image resolution,
from 9.3 km in RC1 to 0.9 km in OpNav18, an updated shape model was constructed after
each new image set was processed.



Most of the images were added to the south-latitude landmarks and at the end of this phase the
number of landmarks per image in the south had increased considerably; up to 60
images/landmark at the end of RC2 and up to 110 images/landmark at the end of OpNav18. The
inclusion of a large number of images, many of which are at very similar geometry and
illumination is not really necessary for improving the topography maps, but it is beneficial to the
orbit determination process, and for that reason all images were retained. At the end of RC2
processing, the average of the RSS landmark covariance was reduced to 1.07 km , the post-fit
residuals RMS to 1.66 km for a total of 10844 landmark observations.

At the end of OpNav18 processing the average RSS landmark covariance was 0.7 km and post-
fit RMS residuals to 1.3 km for a total of 15671 landmark observations. Figure 9 shows close-
ups of Vesta images from some of the above sessions.




Figure 9; images from RC2, (upper left), from Opnavl6 (upper right) and from OpNav18 (lower
left) showing Vesta as seen from approach. The complex topography of the southern pole basin
and its central peak is clearly visible.

The next set of images on approach are acquired while Dawn was completing its first revolution
about Vesta, on the daylight north to south pass and are Opnav19, a 3-hour imaging of mid north
latitudes, RC3 centered at equator crossing, RC3b, the backup to RC3 centered at latitude 27° S,
where the phase angle was at its minimum of 12°, to allow the best radiometric calibration of
VIR, and OpNav21 looking nadir towards the south pole. The combination of these observations
aim to provide almost complete surface stereo coverage from 40° to the south pole at 500
m/pixel, including the first ever view of the northern hemisphere. Aside their immediate use in
navigation, these data were also used to estimate the pole of Vesta for the reference trajectory
design for the Survey to HAMO-1 transfer and for HAMO-1 insertion. In addition these data
were used to construct the landmarks for early OpNav processing in Survey.

Prior to begin processing these images we thinned out the earlier ones, so that every other image
from RC2, and Opnav16-18 was discarded, in order to keep the number of images per landmark
manageable. This theme of dropping early images was repeated a couple of times up to the end
of Survey, especially when creating higher resolution landmarks. This data set was processed
following the above outlined steps. Subsequently we tiled the newly exposed northern
hemisphere of Vesta in the same lat,lon stepping scheme, 10° in latitude and 12° N- 15° N in
longitude, with landmarks centered up to 35° N, which exhausted the north coverage, for a total
0f 295 landmarks. Next all RC1 and OpNav13 images were removed, since they were a factor of
20 coarser resolution than the recently acquired images which offer the same surface coverage
and the steps described in part (b) above were performed a few times.

The next step was constructing landmarks to use for early OpNav processing in Survey. To that
end the imaged surface of Vesta was tiled again with landmark maps, at resolution 750 m/pix, or
a factor of 2.5 coarser than the average Survey image resolution. A total of 520 maps at 750 m
were constructed every 10° in latitude and with longitude spacing that varied from 10° at the
equator to 20° at the south pole. The spacing was such as to ensure a minimum of 35% surface
overlap between adjacent maps. The endpoint of approach was a total of 816 landmarks at 1.5, 1
and 0.75 km resolution, with a post-fit RMS residuals of 554 m and an average RSS position
covariance of 225 m. There were a total of 61602 landmark observations with 255 images
contributing. Figure 10 displays some images from the late approach observations.



Figure 10: Left, an image from OpNav19 showing some of the northern hemisphere terrain,
including the “snowman” triple-crater feature. Right, an image fromRC3 showing the equatorial
troughs and the south pole outline.

7. Pole estimation from approach observations

The first important Vesta parameter that had to be estimated beginning with the approach data
was the Vesta pole. The initial values were set from the Dawn Science team after careful analysis
of the ground and HST data sets to be RA=305.8°, DEC=41.4° [20].

An improved estimation of the pole was needed for the final trajectory design for insertion into
all science orbits including the transfer to these orbits. The time needed by mission design to
build these trajectories required that the pole updates be available at some earlier time; for
Survey orbit insertion 2 days after Opnavl18 and for the transfer from Survey to HAMO-1, 5 days
after the RC3 data acquisition. In principle the pole can be estimated by both optical data
(landmarks) and radiometric data (Doppler). In practice both data sets were used, however on
approach the main data were landmarks. From simulation and covariance studies we expected
that beginning with RC1 we could begin updates to the pole with an expected error of ~ 0.4° (1-
o) and that the RC3 block of observations would significantly improve the accuracy to the level
0f0.03° (1- o). In figure 11 we show a summary of a few of our converged OpNav solutions at
the end of processing of a particular data set. As “truth” for comparison we take one of our
solutions with the combined data set from LAMO, which is significantly more accurate than
what we could accomplish on approach. The first obvious conclusion after processing the RC1
data was that there was a significant correction, by more than 3° in the initial value of the right
ascension. The pole solution from RCI is already within 0.2° from the truth, however later
updates, RC2 and OpNav18 tend to deviate further away. This, despite the fact that in later
updates all the earlier data from RC1 are included in the solution. Finally, as expected the RC3
data move the pole solution within 0.04° from the truth. These results are surprising and
currently under investigation as lessons learned for Ceres. The most favorable explanation is that
the results are due to the observing geometry; beginning with RC1, which is at mid-south



latitudes, subsequent observations image Vesta further south and up to the south pole. These
observations, even though at higher resolution do not seem to have as much strength in the pole
estimation as observations closer to the equator as those from RC1 and RC3.
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Figure 11. A few of the OpNav pole solutions on approach. Shown are the final converged
values at the end of processing of the respective data set.

8. Survey Operations

Prior to beginning Survey operations we discarded all images less than 500 m resolution, which
resulted in a relatively short data arc, extending over a two-week period only. For each of the
seven orbits downlink of images began 2 hours after the lit-to-dark terminator crossing. Standard
processing with every new data batch began by executing steps a and b as described above for
approach. The surface coverage of the available data set was also estimated. Subsequently, if
there was time available before the arrival of new images, areas where there was sufficient
coverage with Survey images, typically 5 or more, were tiled with the next round of higher
resolution landmarks, which was at 300 m/pixel, the nominal Survey image resolution. As early
as the end of the first Survey orbit, there was sufficient equatorial and polar coverage to begin
the tiling in these areas. Tiling proceeded by dividing the surface area up to 60° N with 41
overlapping larger size maps, 256x256, at 750 m/pixel, which were constructed prior to Survey.
This process was executed entirely in batch mode, running scripts that would follow all steps in
the construction of a new landmark. The new landmarks were defined at specific coordinates
relative to the bigmaps with a stepping scheme that allowed ~40% surface overlap between
neighboring maps. The only manual work required in the processing of these new landmarks was
checking and correcting for outliers. By the end of the 3" orbit we had achieved complete
surface coverage and by the 4th orbit all 300 m maps required to cover completely the visible
surface of Vesta, a total of 2300, have been created. The procedure of round-the-clock



processing of new images and the continuous rebuilt of landmarks was interrupted at
predetermined intervals in order to provide inputs for the orbit determination, of which a total of
10 were made in Survey. At the end of Survey, we removed all remaining approach images from
the landmarks, discarded the landmarks that were at resolutions of 1.5 and 1 km, which were too
coarse to be of future use, and rebuilt all landmarks one more time for a preliminary Survey orbit
reconstruction. At this point the average value of the RSS of the landmark covariance was 97 m,
for a total of 209528 landmark observations and the post-fit RMS of residuals was 88 m, or 0.29
Survey image pixels. This last figure includes the contribution to the residuals from map-to-map
overlaps and the limb-landmark constraints. The RMS of residuals between image and
landmarks is even smaller at 0.15 FC pixels.

However, the landmark height error distribution was not uniform. Image coverage and
illumination conditions created systematic errors with regional variations. The landmarks with
the highest accuracy, evidenced in both the post-fit residuals and individual landmark covariance
were in the 50° S to 90° S latitudes. The reason was not only the larger number of images per
landmark but also the fact that these regions enjoyed almost complete azimuthal coverage in
solar incidence and variation in solar elevation. The landmarks with the larger position errors
were concentrated in two places. The first was landmarks along the northernmost narrow band.
Many of these landmarks had relatively dark images, at very low solar elevation, < 10°, some of
them contained large, dark patches due to topography and they had no landmark neighbors to
their north. The second was a band of ~30° width in latitude centered at 27° S where the phase
angle was the minimum of 12°-15° throughout Survey. These landmarks suffered from high
solar elevation, with small azimuthal variation. The effect of the high solar elevation was to wash
out fine topographic information resulting in maps that contained mostly albedo information with
inferior slope estimation. This problem, which was also apparent in the RC3b images on
approach, was already known from high-fidelity simulation studies and it is inherent in the orbit
design choice of a small beta angle. To counter this undesirable effect the OpNav inputs included
alternate deliveries where the landmarks in the low-phase sub-equatorial band were excluded.

The final step in Survey was to construct the landmarks needed for HAMO-1 and the other
mission phases. HAMO images are at a nominal resolution of 60 m/pixel, a factor of 5 higher
than that of the 300 m map resolution, which would have resulted in sparse landmark coverage
of the HAMO images. From past analysis a factor of 2-3 in map/image ratio was needed in order
to provide good landmark image coverage and adequate correlation between maps and images.
The process that we used to construct the 300 m maps, was repeated during the ~3 week long
transfer from Survey to HAMO-1. The surface of Vesta up to 60° N was divided into 49 regions
of overlapping large size maps, 512x512 at 300 m resolution, which were synthesized from the
individual landmark maps. These maps were tiled systematically with higher resolution
landmarks, 125 m/pixel. A total of 14828 such landmarks were constructed. We need to
emphasize that maps at scale smaller than the image pixel scale do not have a higher intrinsic
map resolution. The actual feature resolution in these maps does not exceed the image resolution.
Because of the large computational task this work was carried out in a distributed environment
simultaneously for each region and the new landmarks were collected in a central node where the
global solution of landmarks and camera pointing was performed. The iterated results had a post-
fit RMS of residuals of 62 m and an average landmark position uncertainty of 65 m, for a total of
> 1.2x10° observations and were used in the final Survey reconstruction. Figure 12 shows the



post-fit landmark residuals in both pixel, and line in the final iteration of the combined optical
and radiometric data set. The RMS is 0.145 pixels, with few outliers > 1 pixel.
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Figure 12. Post-fit optical landmark residuals at the end of Survey.
9. HAMO-1 and beyond

The methods and procedures outlined for Survey operations were carried to the other 3 science
orbits, HAMO-1, LAMO and HAMO-2, so we’ll give a brief summary and only highlight a few
interesting points.

9.1 HAMO-1

Data acquisition in HAMO-1 was on every daylight 6 hour pass. We had data playbacks roughly
every 12 hours. The frequency of the playbacks and the large number of landmarks present
allowed little available time in which to rebuild all landmarks with the addition of the new
images, while in HAMO-1. Furthermore, each cycle in HAMO-1 covered completely just once
the visible surface, so at the end of each cycle, there were no more than 2 new images to
contribute to each landmark with the exception of the south pole. After cycle 3 we began
rebuilding mostly the sub-equatorial latitude landmarks, which in Survey suffered from the high
solar elevation. The addition of the HAMO-1 images at a minimum of 30° phase in that region,
significantly improved the surface feature resolution there, the landmark-to-image correlation
and eventually the accuracy of the landmark position. Figure 13, shows such an example; there



are many surface features that span lengths from a few to many Survey image pixels, yet many
of them appear fuzzy or unresolved at the end of Survey, but they are completely resolved after
adding a few HAMO-1 images at lower solar elevations.

Figure 13. A 125 m/pixel map at 20° S latitude. Left; as it appears at the end of Survey.
Right; after we have added a few HAMO-1 images at lower solar elevation

One of the interesting findings early in HAMO-1 was a shift between the center of the coordinate
system of the landmarks and the center of mass as established by the radiometric data. Such a
drift between the two coordinate systems was potentially expected starting with late approach but
no such evidence was found even in Survey. In principle there’s no reason why the two
coordinate centers should coincide, considering that landmarks are not sensitive to dynamical
measurements. In practice we expected that the two coordinate centers should be close given the
combined contribution of both radiometric and optical data in the orbit solutions. The telltale
sign was a systematic shift between the landmarks, created with Survey data, and the HAMO-1
images. The images appeared to be shifted relative to the landmarks systematically in the latitude
direction and the magnitude of the shift was depended on the latitude, with a maximum value of
~700 m near the equator and decreasing to almost zero at the south pole. The exact offset of the
two coordinate systems was estimated by the orbit determination team, by solving for the relative
vector difference between the two coordinates systems in the process of fitting the radiometric
and optical data. This process took place in four iteration steps; at each step the landmarks were
shifted by the difference between the two coordinate systems and new inputs were made, until
the difference was < 6 m in magnitude. The total shift was 680 m in the +Z direction, i.e. the
landmark coordinate system was originally south of the center of mass. The shift in the two
equatorial axes was in the order of a few cm only. The most likely explanation for the shift being
entirely along the Z axis is that while the radiometric data were influenced by all parts of the
Vesta interior, the optical data were limited to covering up to 45° N latitude, so that the number
of landmarks were not averaged above and below the equator.



At the end of HAMO-1 the 750 m/pixel landmarks were discarded as too coarse for the
remaining mission phases and the remaining landmarks were rebuilt with the addition of the
HAMO-1 images. Following that, the visible surface of Vesta was again divided into 85
overlapping regions mapped with large format bigmaps, 1024x1024 at 125 m/pixel and was tiled
again systematically with landmarks at 60 m/pixel resolution, the average FC pixel scale of
HAMO-1. A total of 52211 landmarks at 60 m/pixels were constructed, bringing the total
number of landmarks of 300, 125 and 60 m/pixel to 69242 that were used for image processing
in LAMO and HAMO-2. A total of 2533 HAMO-1 images were used. This was the highest
resolution of landmark maps created at Vesta. At the end of HAMO-1 the final post-fit RMS of
residuals was 28.3 m, or 0.47 HAMO-1 image pixels and the average landmark position
uncertainty 44.3 m.

9.2 LAMO

This phase was extended to last ~five months from December 2012 to end of April 2013. Since
the key science were GRaND and gravity science the image acquisition strategy and volume was
limited by the remaining playback volume. There were 3 playbacks/week that varied greatly in
the total number of orbits covered and images acquired from 120/week to 630/week. The image
resolution varied with latitude from 22 m/pixel at the south pole to 19 m/pixel at the equator.
During the second half of LAMO the Sun had moved sufficiently north in Vesta latitude, up to
12° S, to allow newly exposed terrain in the 50° N - 55° N. However, the larger beta angle in
LAMO, 45°, rendered these areas very dark and no new landmarks were constructed there.
Usually the first 5-6 images from every orbit were in the north and too dark to be useful. A total
0f 9045 LAMO images were processed. Because of the very small image footprint LAMO
imaging did not completely cover Vesta more than 2 times and most landmarks did not accrue
more than 2-5 LAMO images, with the exception of those south of 80° S. Due to the large
number of landmarks and images, which rendered processing of the OpNav inputs by the orbit
determination team very time consuming, our inputs were limited to a truncated set, usually
every second or third image.

The most interesting finding in LAMO was that of a correction to the initial Vesta rotation rate.
Shortly after processing LAMO images, it became apparent that there was yet another systematic
discrepancy between the surface registration of LAMO images and the landmarks as established
at the end of HAMO-1. LAMO images would tend to be offset relative to the landmarks mostly
in the longitude direction. That offset was latitude dependent; it was larger at the equator, up to
300 m, and decreased towards the poles. At the south pole the offset was completely random.
The obvious explanation was that of a rotation rate error. The Vesta rotation rate until then had
been the initial one from ground observations, 1617.3332776 deg/day. Fitting of the radiometric
and optical data in LAMO allowed the estimation of a different rate, which at the end of LAMO,
with a longer data arc was estimated to be 1617.333125 deg/day.

9.3 HAMO-2

HAMO-2 began with the Sun at 6° S Vesta latitude, so that significant portion of the previously
north terrain was now illuminated. HAMO-2 had a similar cycle and observing pattern of nadir
and off-nadir observations as HAMO-1 although at a different cadence in order to add more
images in the north. HAMO-2 extended the illuminated area of Vesta up to 80° N, but with
various dark patches in-between from dark crater interiors. Image processing steps and frequency



were similar to HAMO-1 with the exception of the first 5-6 north images, which initially did not
contain any landmarks. At the end of HAMO-2 we began constructing the landmarks in the area
between 45° N — 80° N. Because of the absence of any topography there, the sequential
landmark construction steps from coarse to finer resolution had to be repeated; first we tiled the
area with 300 m/pixel maps and after a first cut shape model that extended to 80° N was
completed, the northern latitudes were divided into regions and tiled at 125 m/pixel. Currently
we are constructing the 60 m/pixel maps, that we’ll use in the final HAMO-2 reconstruction.

10. Conclusions

Overall the OpNav contributions to the navigation operations at Vesta were quite successful.
We were able to meet the time-demanding operational constraints, contribute to all phases of
navigation and assist in the determination of a number of the physical parameters of Vesta.

The first application of landmark navigation for real-time operations produced results at the
expected level of accuracy. Key to the successful operations was advance planning of the data
acquisition, sequencing as well as simulation and testing of all the steps in the end-to-end
navigation processes of the mission. Of equal importance, a number of valuable lessons learned,
such as those of the pole estimation on approach, will be followed upon as we begin
preparations for the Dawn encounter with Ceres in 2015.
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