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Abstract: The Dawn S/C was launched in September 2007 igr dodperform remote sensing
observations of the asteroids Vesta and Ceres. Davered into orbit about Vesta in July 2011,
completed successfully the mission goals, that wemeéed out in four different science orbits,
by August 2012 and has since departed towardsa@sdt&eres. An important component of the
Dawn navigation was optical navigation, which wasfprmed at almost all mission phases.
Optical data types were used in the overall orlgtedmination process. In addition they were
used to determine some key aspects of the astephgsical characteristics, such as the
rotational axis, shape and surface morphology arad/dy terms. In this paper we present an
overview of the optical navigation operations asde the optical navigation planning, image
acquisition strategy, data reduction methodologyd &he up-to-date post operations assessment.
Of particular importance is the extensive use afilmark navigation which comprised the bulk
of the optical data processing.

Keywords: optical navigation, orbital operations, image preseng, landmark.
1. Introduction

The Dawn S/C was launched in September 2007 toveatesoids Vesta and Ceres[1], in order
to conduct remote sensing observations of thefasar interior and elemental composition. The
payload consists of two optical instruments, omkireg Cameras 1 & 2 (FC1, FC2), a Visual and
Infrared Mapping Spectrometer (VIR) and a gammaaray neutron detector (GRaND). In
addition radiometric data are collected to deteenire gravity field, [2],[3],[4].[5], [6].[7].

Dawn is a low-thrust mission [8],[9]; most of thepulse needed to reach its destinations is
provided by one of its three ion-propulsion engjmesich run almost continuously during the
~3 %2 years of the cruise phase. In addition, theenmagrs designed during cruise and orbital
operations were also conducted with one of thepimpulsion engines[10],[11],[12],[13],[14].
Dawn began its approach operations phase towarstsa \dea May 2 2011 and was captured by
Vesta on July 14 2011. Subsequently it transfetwetiscience orbits, each with distinct orbital
characteristics, scientific goals and durationyv8yy High Altitude Mapping Orbit 1 (HAMO-1)
Low Altitude Mapping Orbit (LAMO) and HAMO-2. Follwing the successful completion of
the last science orbit Dawn has spiraled out andpexl Vesta on Sep 5 2012. During the
science orbits Dawn would strictly coast, acquiramgl downlinking science data, with the
exception of LAMO where five Orbital Maintenance Maivers (OMM) were performed for



safety reasons, namely to avoid Dawn going intgpeel During approach and transfers Dawn
would mostly be in continuous thrusting with theepgtion of a few coasting opportunities for
collecting radiometric and optical data and foriaegring telemetry.

An important component of the Orbit Determinationgess is optical navigation (OpNav),
which was used at all mission phases with the eéxmepf the transfer from LAMO to

HAMO-2. Optical data are complementary to the tiadal radiometric range and Doppler data
and often allow visibility in directions perpendiauto the radiometric data. Optical navigation
was used to support real-time operations, to detersome key physical characteristics of
Vesta, such as the asteroid’s pole, shape andigtawns and to support trajectory
reconstruction for science applications.

In this work we present a summary of the OpNav Daperations, which includes a summary
of the mission phases, Dawn cameras and theirratibb, OpNav planning and acquisition, data
types and data reduction, and in-flight performa@eparticular interest is the application of
landmark navigation, which was used extensivelynduorbital operations. Many details of the
in-flight calibrations, image planning, data pragiag & methodology were presented in [15], to
which we refer for more discussion, and for congrless we summarize here.

2. Mission phases

The guiding principle of the Vesta science orbsign was that during each one a particular
instrument would be prime, collecting the bulktsfdata, whereas the other instruments would
either ride along or collect data as permittedsTdrinciple determined the types of orbits as well
as the payload pointing. Another consideratiorttieroverall design of the mission phases was
the solar illumination of Vesta. The rotationals®f Vesta is such that during capture and the
beginning of the science investigation, ~ AugustZQ@fe solar latitude was in the southern
hemisphere at 26° S resulting in areas northward&° N being dark. In order to image most
of the northern latitudes, certain mission phasekth be repeated at a later time, closer to
Vesta’'s equinox. A breakdown of the Vesta operatioto the mission phases with a summary
of the key scientific investigations is as folloj$]:

Approach phase:This was mostly a navigation phase that began 2§86 drior to orbit

insertion. During this phase the range to Vestaeadsed from 160,000 km to 3000 km, Dawn
was gravitationally captured and then slowly sgidainto orbit. It included many coasting events
for radiometric and 24 OpNav acquisition opporti@sit Of particular importance are the
Rotational Characterization imaging events (RC)raduwhich Vesta is observed over a full
rotation period, 5 h 20 min. There are 4 such opmities, RC1 at 10 km/pixel FC resolution,
RC2 at 5 km/pixel and RC3 and its backup RC3b&km/pixel. The main scientific
investigations are the determination of Vesta’'smbfection, phase function and a search for
satellites of Vesta.

Survey: A circular polar orbit with targeted mean radiu®3&m, and a targeted beta angle,
which is defined as the angle between the orbitgoknd the Sun, at 12°-15°. The prime
instrument was VIR for the surface spectral andem@hcomposition. In addition, OpNav images
and a number of FC observations of opportunity veeauired. It consisted of seven complete
orbits, the first six for data collection, and tast as an additional margin time needed for the
navigation team to prepare for the orbit transfeine choice for the small beta angle was in



order to minimize the emission angle, reduce timtasa 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 radiuslantargeted beta angle of 30°. It
lasted 62 orbits or ~29 days and the primary objeatias the surface topography from FC
images. It was broken into six cycles, where eacheanapped completely once the illuminated
surface. During the time period of this phase tlests solar latitude was in the south and such
that Vesta was illuminated over a latitude rarrgenf90° S to ~ 45° N. Each cycle had a
particular pointing direction with cycles 1 and @mted nadir and the others were fixed non-
nadir. In addition a number of VIR frames were acsgl

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

HAMO-2: This is a repeat of the 6-cycle HAMO-1 at simil@bital characteristics except that
the beta angle at the beginning of this phase et®84° and was allowed to slowly drift
towards 27° at the end of this phase in orderltmabetter illumination of the north latitudes.
The objective of repeating these observations wanage sufficiently the latitudes between 50°
and 80° which were not visible in HAMO-1 so as llow the topographic reconstruction of
Vesta in these areas.

Departure RC4: Following departure from HAMO-2 a last rotationalcacterization set was
acquired on August JBat a range of 6000 km in order to image the remgirais yet unseen
north terrain.

Since the science orbits do not include schedubldd/iQexcept for LAMO, the correct timing

and pointing of the science acquisition plan waswmaaed by adjusting the epoch of the
sequences on-board, as well as updating the DawtaVelative ephemeris on-board so that the
Attitude Control System (ACS) could correctly poine payload either towards Vesta nadir or at
an offset to the center of Vesta.

3. Dawn Cameras

For redundancy, Dawn is equipped with two framiagieras, FC1, and FC2, which are
nominally identical and serve image acquisitionidoth Science and OpNav [3]. The cameras
have a 19 mm aperture size, an IFOV of 98&d and use refractive optics. Light is focused on
a standard 1024x1024 frame transfer CCD. Both casnanderwent extensive in-flight
calibrations. Photometric calibrations imaged Vagd various solar analogs. Geometric
calibrations used cluster observations to estirtiedocal length, as well as a 5-parameter
distortion model. The calibration results allowastrometric accuracy of 0.09-0.11 pixelss{)1-
when imaging a few stars at a minimum signal-tise¢SNR) > 10. Cluster observations were
also used to estimate the cameras’ alignment ibdly frame, by comparing inertial pointing
established from the camera star measurements tatheras’ pointing from attitude telemetry
from ACS. Following the removal of a fixed biasween the two coordinate systems, the
residuals pointing error is ~ 1 FC pixel and is yostndom. The removal of fixed camera



misalignments is essential because when in orbmitaldesta it is not possible to image stars and
therefore the pointing information from ACS is threly one available. The only important
measurement that we were not able to perform poithie beginning of approach operations
were the in-field and out-of-field stray-light preqpies in the presence of a very bright object,
and hence the effects of the presence of Vestajacent star images was not known until actual
operations.

4. Optical data processing

Optical navigation was used in all mission phasiis the exception of the transfer from LAMO

to HAMO-2. The main tasks for OpNav were supporthi& on-going orbit determination and

orbit prediction efforts for future maneuver desgmd science sequence updates, such as epoch
shifts and on-board ephemeris updates, in the seierbit reconstruction, in the Vesta parameter
estimation, such as rotational parameters andtgrerms and in the science planning support

by providing updates to the Vesta global topografine key OpNav interfaces were with the
sequencing team, for image acquisition sequenuiit,the FC team, for image retrieval and

with the mission design team for planning purpaaeswith the orbit determination team for the
ongoing exchange of optical observations and upldssgectories.

4.1 Data types

At the beginning of approach Vesta was already €%ixels across, so the data types used were
those of an extended body, limb scans and landmkirk® scans were used from the beginning
up to late approach (OpNav18), where Vesta was #eDQixels. Landmarks were used from
mid-approach (RC1) where Vesta was 60 FC pixelgsaco the end of the mission. During the
time period RC1- OpNav18 where both data types wseegl, a) the limb scans were processed
first as an initial step in order to assist in @dated Dawn-Vesta state estimation and b)
improved ephemerides for Vesta & Dawn were usedm@sgs in order to construct landmarks or
reprocess existing ones.

Limbs scans are observations of the location ofithle of the object in order to estimate its
center of figure (CoF). Scan lines are construatedally normal to the predicted limb, which is
computed from the projection of arpriori shape model, expressed in spherical harmonics. The
a priori shape is either a triaxial ellipsoid or a more taaly shape. Both of these options were
used. Next a model brightness profile is constdietgh an assumed reflectance function, and it
is correlated with the brightness profile from thge in order to determine the best limb
location and the CoF. The number of scan linegisrchined automatically and increases with
the size of the body. The accuracy of the methattieihs out as the body size increase to > ~ 100
pixels, to ~ 1-2% of the radius. The inputs to tH@taletermination are the (pixel, line) location
of the CoF and if stars have been imaged, an updat®era inertial pointing.

4.2 Landmark processing
Landmarks are body-fixed vectors from the body eett its surface. A landmark is defined as

the center of small digital terrain and albedo modelandmark map that extends over a fraction
of the surface. Landmarks are not associated witkific surface features and do not depend on



the existence of such body features; they requihg @ modest brightness surface contrast, ~3-4,
for the construction of the maps, which are buithvgtereo-photoclinometry (SPC)
[17],[18],[19]. The key steps in constructing lamarks at Vesta were as follows:

1) Approximate locations for the center of mapgslansurface are specified mostly based on
(latitude, longitude). A map pixel scale and giiwkss also selected, usually 99x99 pixels. The
map scale is chosen in advance based on missi@e pina image resolution considerations. A
local coordinate system is also constructed wittheaap, as shown in figure 1. The (latitude,
longitude) coverage of the given image set is knowedvance, by running off-line utility

surface coverage tools and a tiling scheme is @yreaplace for determining the separation of
the map centers.
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Figure 1. Landmark map geometry

2) Starting with the priori camera pointing, Dawn & Vesta ephemerides andiegia priori
topography or a shape model, all images that cowtdlap with the map are searched and those
that meet certain criteria are retained for the m@pstruction. Such criteria include the range of
emission angles, with typical values from@l’, the resolution ratio between map pixel and
image pixel, which is usually in the range x3 — 48l the fraction of the illuminated portion of
the image that overlaps that of the map, usuap%. There is no upper limit to the number of
images that can be used, however there is a minioflBimages needed.



3) For those images that meet the above critérgaparts that overlap on the newly defined map
are extracted, resampled to the map pixel scalenardally projected on the map. Depending
on the map resolution the normal to the surfacketermined from either an existiagoriori

shape model or from other coarser maps at resolbigher than the shape model. Because all
images are resampled to the map scale imageditfeatin resolution by a factor as large as 10
or more can be used in the same map. This is pkatig the case on approach where the Vesta
image resolution varies rapidly.

4) At each pixek of each projected image template that is not dagkedicted brightness model
is constructed,
l(X) = A(1+a(x)) R(i.€) + Dy, (1)

wherea(x) is a relative albedo parameter, normalized teelezero mean over each mijs
the image indexR(i,e) is the reflectance functipnande the incidence and emission angles,
Ak a scale factor an@ a background brightness value. The photometric hnmmeects the
local slopes in each map pixeh, %), along the two horizontal map directions to tmaging
geometry via,

cos = (Se-Sutr-Sto)V(1H+7), COo® = (Ca-Cata-Cata) N(1+t,°+t5) (2)

wherec is the camera unit vector asthe body-sun unit vector. The reflectance functioits
simplest form is a linear combination of Lambertl &/tiommel-Seeliger laws but it can include
phase angle terms as well. For most of orbital afp@ns, the spatial extent of each map is small
enough that there is very small phase variatiothhedack of a detailed phase function is not
considered a limitation.

5) At each map pixel the slopes and albedo ammatdd by minimizing via weighted least
squares the difference between the extracted itagletness template and the model image
brightness of equation (1), while also solvingttoe per-image scale factor and background
values, Ax and®y. During the first step of this stage, due to randgminting errors from image
to image and also due to larger projection errorsrhages at large off-nadir angles, the mean
brightness model is often fuzzy. The next step i®tilluminate the brightness model at the
geometry of each individual image, and cross cateetach image template with the average
brightness model. An image shift is computed frownpeak of the correlation measure and
applied to every image. The process is repeatetingtavith step 4 above until the shifts become
very small, typically < 0.01 map pixels. Imagesttfua various reasons, e.g., too dark or with
large projection errors, show poor correlation rhaydiscarded at this stage and re-introduced
later. This process also modifies the (pixel, lilm&gation of the landmark in each image, and
therefore the observations. Figure 2 shows the@ntpf such a process from late approach.
The first row shows the image templates extraatech images of comparable resolution but
different illumination conditions after the iteratis in step 4 and 5 have been performed a few
times. The second row shows the same mean brightnedel that is rendered at the particular
geometry of each image. The image resolution rafrges 1.2 — 1 km/pixel and the map scale is
1.5 km/pixel.



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

6) The slopes are integrated into local heightss plocess requires boundary conditions, which
are initial seed heights. These are stochastisaltypled from an existing shape model or nearby
overlapping maps. The heights are then computed keédaxation process over many iterations
until we have reached convergence.

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

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

9) Global solutions: After tiling the surface thexh step is to solve for the landmark vectors,
camera pointing and camera position via a globagted least squares estimation that
minimizes the difference between predicted and meselandmark (pixel, line) positions. Initial
weights reflect the expected accuracy of the S/6t/position, camera pointing and landmark
position based on the accuracy knowledge ofitpeori shape where they are projected. The
process is iteratively, first solving for the lanalrk vectors, then for the camera pointing and
S/C-Vesta position. At each stage of the iteratienupdated covariances are used as inputs in



the next stage. Usually 3 iterations are sufficfentconvergence. The estimation of the S/C-
Vesta relative position is really a kinematic omeaoper-image basis, neglecting all the
dynamical data, with some image-to-image conssdased on the predicted velocity
uncertainty, so as to avoid a truly random coragctimong adjacent images. However it is
important that the S/C-Vesta vector be includetheestimation process since position
correction to some degree correlates with pointfhgommon practice has been to always use a
realistic predicted position uncertainty from thibibdetermination team so as not to over-
correct for the relative position. Subsequentlypbst-fit residuals of landmarks in images and
between overlapping maps and the landmark diaggealents of the position covariance are
inspected for outliers. Such outliers could be ttugoor correlation of image templates from
map projection effects, or due to a particularlykdaatch of an image, or very rarely due to
mis-identification of features in the cross-cortefaThese outliers are usually corrected by
hand.

Once we have reached this state the newly createbinarks can be used in the orbit
determination process. The inputs to the orbitrda@teation are the body-fixed landmark
Cartesian vectors, the diagonal elements of thd&@x®mark position covariance, the (pixel,
line) location of all landmarks in all images ofarest and the (pixel, line) landmark
centerfinding uncertainties.

For a given landmark and image set the above sirepthe first stage in a multi-iteration
process. Because the map slopes and photometriel msdeed to the imaging geometry and the
landmark position any improvements in these asaltref the global solutions will improve the
model of each map which in turn will lead to mocewrate landmark locations. The steps 4 — 9
outlined above are then repeated a number of timestly in batch mode using preset
processing scripts, until there’s no longer redurcdf the post-fit residuals. Each of these
iterations results in an improved set of OpNav tsfa the orbit determination process.

10) Finally when there is sufficient surface cage by maps the individual maps are integrated
into a shape model. The construction of updategesh@odels early on in the landmark
development process is important in order to calrgeoject future images on the surface.
Accurate image projection results in more accueatanation of local slopes and albedos and
eventually more accurate maps and landmark vedbars to operational constraints in accessing
the elements of the shape model, our current madel§mited to ~1.56 x forectors which for
Vesta corresponds to a surface separation betwhaceat shape model vectors of ~700 m.
Therefore, the usefulness of the shape model dexsees the image resolution and the map
resolution increase which in this mission happénbkeend of Survey. After that phase, we
synthesize larger format regional maps, up to 202824, which we call “bigmaps”, that we use
to project images for the construction of a newghbr resolution, set of landmarks. Figure 3
shows an equatorial view of the shape model a¢ticeof HAMO-2.



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

5. OpNav data acquisition summary

The OpNav acquisition plan was developed in the&@y preceding Vesta operations. The plan
was evolved iteratively following navigation penfieance analyses, mission requirements and
also taking into account the overall science datpiition plan. The year preceding Vesta
operations, the OpNav imaging plan was merged thidhof science on a mission phase basis,
into integrated sequence builds that includednalirument and ACS commands as well as all the
playback and background sequence commands. Thgsernses received only minor changes



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

The pre-Vesta established plan for image acquisitias carried out almost as planned with the
exception of a few instances were anomalies, sa@/@ safing events or instrument issues
prevented either the acquisition or the playbacthefimages.

5.1 Approach

A total of 24 OpNav sessions were scheduled outha¢h 23 were executed.

These varied in duration and frequency from %z lewary week in early approach to 1-2 hour
long every few days in late approach. They inclie4 RCs that last a full Vesta rotation
period, 5 h 20 min. When Vesta was predicted te khe=OV, up to OpNav19, these were
planned as star-relative observations. Due toatgelbrightness ratio between Vesta and
background stars, which the dynamic range of thectler could not accommodate, the star-
Vesta observations alternated between long starsexps and short Vesta exposures. The 5
OpNav opportunities during late approach and spar&urvey were placed so as to acquire to
the extent possible a complete surface coveragarging views for constructing landmarks.

5.2 Survey

There were a total of 6 dedicated OpNav sessiopsy brbit, of 2-hour duration following the
dark-to-lit terminator crossing, offering complébagitude coverage of north latitudes in the 50°
N - 20° N range. In addition, two mosaics were a&glj one equatorial and one polar, in a 1x3
offset pattern over a full rotation period. Thesesaics were deemed sufficiently important so
that for redundancy reasons they were repeatedmbisaics covered all longitudes, but with
some gaps, between 25° N - 90° S. Science imapgoigting at fixed offset relative to Vesta
over a full rotation period at various orbits fdlany existing gaps and offered an additional rich
dataset. A total of 854 clefiter images were acquired.

5.3 HAMO-1 & HAMO-2

There were no dedicated OpNav images. Instead #ikecscience clear filter images acquired
for topography were used for navigation as welloTaf the off-nadir cycles had pointing
optimized for SPC with emission angles in the ~485° range and the other two were
optimized for stereo-photogrammetric topographyhods. On the average ~2500 clear filter
images were acquired for each of these phaseentizdoss 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 dedicatepNav imaging, but all clear filter
images were used. During LAMO Dawn was pointed éste center and consequently all
images were either nadir or at a very small offitnadgle, due to small trajectory and pointing
errors. The LAMO acquisition plan was designedyides that lasted 4 weeks each. Each cycle
had a different pattern and volume of images aegluim order to accommodate the playback of
the other instruments and/or the acquisition obcohages. The total number of images per



week varied from as few as 120 in Cycle 3 (Febr23) to as many as 630 in Cycle 5 (April
2013).

5.5 Transfers

Few OpNav sessions were planned for the SurveyAbt&-1 and HAMO-1-to-LAMO

transfers. Transfers were dedicated to continuouwssting with a few interruptions for acquiring
tracking data and images. A particular difficuloy planning OpNavs during the transfers was
the fact that the S/C flight path control was phfise relative to Vesta, making planning in
advance for certain time windows within which t@aice images very risky that the images
could be acquired on the dark side of Vesta. Fetrdnsfer to HAMO-1 we had planned 3
OpNav opportunities, but for each of these we epienced 3 different possible times spaced
roughly 120° around Vesta from which we selecteexecute one, once the actual Vesta phase
was known. For the transfer to LAMO no such plagniras possible and from the 7 total
OpNav sessions ~3/4 of the data were on the dagkaditfesta and unusable.

6. Approach Operations

The main objectives of the OpNav effort on approaels to assist in the orbit determination and
orbit insertion in Survey. Part of that effort westimating the first important Vesta parameter,
its rotation axis, which began when the first ¥dandmarks were constructed.

Overall image acquisition and processing was execas planned, with one anomaly only, a
safing event that prevented the acquisition of Ofda

There were 40 full frames per session alternatetgreen short exposures for Vesta, in the 9-7
ms range, corresponding to a phase angle 42°-80°%th& longer star exposures of 1.5 s, that
were required to imagd"8 9" visual magnitude stars. The long exposures ovesagVesta

by a factor of 30 above full well. Fortunately, tat of field scattered light was significant only
close to Vesta so that most stars were unaffeatedrly approach. Analysis showed that the
scattered light was equivalent to a 7th mag. stanaltitude ~1000 km from Vesta, which
meant that we could not image stars from OpNaviBlater when Vesta reached 500 pixels
across. Figure 4 shows a long exposure from OpMét¥2stars down to'®@mag. and the
saturated disk of Vesta. Figure 5 shows a 9 mssaxpdmage from the same session with Vesta
and the superimposed projected disk of a triaiglseid, taken at ~ 10km 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 inge from approach observations of
saturated Vesta at the center and the star backgrod.

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

The inertial camera pointing was estimated fromstiaes, with post-fit residuals of 0.08 — 0.11
pixels. That camera pointing solution was propadj&iem the time of the long exposures to the
time of the short exposures in order to estimagdrbrtial pointing of these images. The
pointing interpolation was performed with an expurely decreasing time correlation between
the Vesta and star images, with a time constamghiguwice the image separation.

The method uses the pointing correction from the istages and the nominal ACS pointing
from all images in order to interpolate the poigtsorrection of the Vesta images.



In Figure 6 we show such an example of interpolat@dting values from OpNav
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Figure 6. The interpolated Right Ascension valuef the pointing correction at the Vesta
image times interpolated from the correction at theimes of the star images.

Based on the inertial pointing errors and the nmigbe ACS data the accuracy of this method
was estimated to be ~0.2 pixelsd)l-On two instances where we serendipitously hax 84 &

3“ mag. stars in the Vesta images, and therefore al#eeto establish the camera pointing
independently we could confirm that the accuracths method was indeed at least 0.2 pixels.
An inertial pointing comparison between star imagdsch was regarded as the “truth”, and
ACS was conducted with the 16 OpNav sessions tiagéed stars, to establish the expected
ACS pointing errors for the other mission phasdscivwas measured to be 0.9 pixelsc}l-

For the first 11 OpNavs, where Vesta ranged frord® pixels across we used only limb scans
to estimate the CoF. As expected the number ofe@ad scans perpendicular to the limb
increased with the size of the body from 6-8 séaragje in Opnavl to > 100 scans/image in
OpNav16. Similarly the centerfinding Vesta uncertaidecreased from 0.5 pixels in OpNavl
until it flattened to ~0.15 pixels in OpNav8 ancelatThere were two choices for thgriori

shape model that we used in the limb scan fitidwge was a triaxial ellipsoid, based on the best-
fit triaxial model from the HST observations [Mith semi-major axeg=289 km,b=280 km
andc=229 km and the other was the shape model extrécedthese observations,

which even though very coarse it modeled the ocaittihthe south pole crater far better than the
ellipsoid [19]. One surprising result, was that thaxial ellipsoid worked better with the limb
scans compared to the shape model. Overall, ideuof images for which there was no
convergence in the CoF estimation with the shapagetwas quite high, ~25%, and the scatter
of the centerfinding results larger as compareithéariaxial ellipsoid. One tentative explanation
is that the representation of the shape modermd®f spherical harmonics was not sufficient to



capture the details of the surface irregularitprgected in the image which resulted in fewer
limb scans converging. This topic is still underastigation.

Starting with Opnav12 (or RC1) the first set ofdararks was constructed. A total of 36 Vesta
images were acquired spaced 10° in Vesta rotafiois. particular session was chosen following
analysis that included high-fidelity simulationsestablish the earliest time that landmarks could
be constructed. At that range, 2X0n, Vesta has an apparent diameter of 62 FC piwatls 9.3
km/pixel. The challenge is to construct landmark waps small enough relative to the
curvature of the surface. A number of combinatiohsap grid sizes and resolutions were
studied and we finally decided on 99x99 maps akfnfpixel. Maps with fewer grid points, say
25x25, and map scale closer to the image resolditnot cross-correlate as well due to the
smaller number of map pixels. Constructing maps stale 6x higher than the image resolution
is at the limit of the applicability of the methadd the map intrinsic resolution is really closer t
10 km rather than that of the map scale. Howewegdualing higher resolution images at later
times to the same landmarks, eventually the avamagge/map scale is reduced. With the sub-
S/C Vesta latitude at -33°, the surface image @ameis limited to the southern hemisphere and
up to 10° N. We tiled the surface systematicaldytstg at 5° N, moving at steps of 12° in
longitude and 10° in latitude near the equator, gnadually increasing the longitude spacing to
45° at 75° S, for a total of 211 landmarks. Depegdin the lat/lon of Vesta each landmark
contained between 4 - 20 images with fewer imagélse equator and more images at the south
pole.

After their initial construction these landmarksdenvent many of the iterations outlined in the
previous section in order to reduce the residulalsenglobal fit between landmarks & images.
After the first iteration the RMS of residuals beem images and landmarks as well as between
overlapping landmarks, was 3.9 km (or 0.43 imagelp) and the RSS of the diagonal elements
of the landmark covariance averaged over all laarts) 2.0 km. The latter is a measure of the
landmark height error. At the end of each of thesmations a delivery was made to orbit
determination. Figure 7 shows the extracted andeteddmage brightness for a particular
landmark map. As expected there’s an apparentdafdature definition given the large
image/map scale ratio. Finally the first shape nhages constructed from these maps, covering
mostly the southern hemisphere. Figure 8 showsjaaterial view of that model. Although

quite coarse with a true resolution of no bettantthO km, re-projection of the same images on
this shape model further reduces the post-fit tegglto an RMS of 2.7 km or 0.29 FC pixels and
the average of the RSS landmark covariance té&rh.5The total number of observations,
defined as the sum of all (pixel, line) pair ofdamark observations in all images is 5124.



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

Figure 8. The first shape model on approach to Veatfrom the RC1 observations. The area

south of 10° N is the rough topography from the RCimages, whereas the area north of 10°
N is the original featureless shape model from HS®bservations. Even though very coarse,

it already shows the outlineof the south regions topography



During the next five data sets OpNav13, RC2, OpNalg, the S/C moved to progressively
further southerly latitudes with the last two seasicrossing the south pole, while reducing the
range to Vesta to 10800 km. Consequently the seidagerage remained the same and there
was no need for adding any new landmarks. Insteadéw images were added to the existing
landmarks as follows:

a) all current landmarks within certain geometric wadeled in each new set of images. A
pointing solution was performed based ond@hemark location and the initial trajectory
and image pointing. This process allows @lkjuiput to orbit determination without
modifying the landmark vectors

b) landmarks that are included in the new imagesetreiit, with new slopes and heights
estimated. A global fit is performed that solvestfee pointing and landmarks based on all
images. This process, time permitting, may iteeatew times, each time checking for
outliers. At the end of this process another dejite the orbit determination is made,
with, in principle, modified landmark vectors. T{mxel, line) landmark location of past
images can change as a result of adding new imiagke same landmark, and therefore
the whole set of past observations has to be fieeded in this process. If needed, an
improved trajectory based on both the optical attlometric data may be used to update
the nominal S/C position prior to the landmark séireation.

c) As needed a new shape model is constructed. Die t@pid change in image resolution,
from 9.3 km in RC1 to 0.9 km in OpNav18, an updatiedpe model was constructed after
each new image set was processed.

Most of the images were added to the south-latitaddmarks and at the end of this phase the
number of landmarks per image in the south hacased considerably; up to 60
images/landmark at the end of RC2 and up to 11@@s/éandmark at the end of OpNav18. The
inclusion of a large number of images, many of Whace at very similar geometry and
illumination is not really necessary for improvitige topography maps, but it is beneficial to the
orbit determination process, and for that reasbimalges were retained. At the end of RC2
processing, the average of the RSS landmark @n@iwas reduced to 1.07 km , the post-fit
residuals RMS to 1.66 km for a total of 10844 laadkrobservations.

At the end of OpNav18 processing the average R&8rlark covariance was 0.7 km and post-
fit RMS residuals to 1.3 km for a total of 1567hdanark observations. Figure 9 shows close-
ups of Vesta images from some of the above sessions



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

The next set of images on approach are acquirelé Rawn was completing its first revolution
about Vesta, on the daylight north to south pasisaae@ Opnav19, a 3-hour imaging of mid north
latitudes, RC3 centered at equator crossing, Rb@&hackup to RC3 centered at latitude 27° S,
where the phase angle was at its minimum of 124|ltov the best radiometric calibration of
VIR, and OpNav21 looking nadir towards the soutlep®he combination of these observations
aim to provide almost complete surface stereo @mefrom 40° to the south pole at 500
m/pixel, including the first ever view of the nogtim hemisphere. Aside their immediate use in
navigation, these data were also used to estirhatpdle of Vesta for the reference trajectory
design for the Survey to HAMO-1 transfer and forM@®-1 insertion. In addition these data
were used to construct the landmarks for early QpNacessing in Survey.

Prior to begin processing these images we thinnéthe earlier ones, so that every other image
from RC2, and Opnav16-18 was discarded, in ordkeép the number of images per landmark
manageable. This theme of dropping early imagesre@esated a couple of times up to the end
of Survey, especially when creating higher resotutandmarks. This data set was processed
following the above outlined steps. Subsequentlyiled the newly exposed northern
hemisphere of Vesta in the same (latitude, longwtepping scheme, 10° in latitude and 12° N-
15° N in longitude, with landmarks centered up %6 B, which exhausted the north coverage,
for a total of 295 landmarks. Next all RC1 and OpN&aimages were removed, since they were
a factor of 20 coarser resolution than the receatbyuired images which offer the same surface
coverage and the steps described in part (b) avewe performed a few times.

The next step was constructing landmarks to useddy OpNav processing in Survey. To that
end the imaged surface of Vesta was tiled again laitdmark maps, at resolution 750 m/pix, or
a factor of 2.5 coarser than the average Survegemasolution. A total of 520 maps at 750 m



were constructed every 10° in latitude and withglrde spacing that varied from 10° at the
equator to 20° at the south pole. The spacing wels as to ensure a minimum of 35% surface
overlap between adjacent maps. The endpoint obapprwas a total of 816 landmarks at 1.5, 1
and 0.75 km resolution, with a post-fit RMS residua 554 m and an average RSS position
covariance of 225 m. There were a total of 61608n@ark observations with 255 images
contributing. Figure 10 displays some images fromlate approach observations.

Figure 10: Left, an image from OpNav19 showing somef the northern hemisphere
terrain, including the “snowman” triple-crater feat ure. Right, an image from RC3 showing
the equatorial troughs and the south pole outline.

7. Pole estimation from approach observations

The first important Vesta parameter that had tedienated beginning with the approach data
was the Vesta pole. The initial values were sehftbe Dawn Science team after careful analysis
of the ground and HST data sets to be RA=305.8CBH.4° [20].

An improved estimation of the pole was neededterfinal trajectory design for insertion into
all science orbits including the transfer to thedsts. The time needed by mission design to
build these trajectories required that the poleatgslbe available at some earlier time; for
Survey orbit insertion 2 days after Opnav18 andHertransfer from Survey to HAMO-1, 5 days
after the RC3 data acquisition. In principle théepzan be estimated by both optical data
(landmarks) and radiometric data (Doppler). In pcacboth data sets were used, however on
approach the main data were landmarks. From siiooland covariance studies we expected
that beginning with RC1 we could begin updatedieofole with an expected error of ~ 0.4° (1-
o) and that the RC3 block of observations would ifiggmtly improve the accuracy to the level
of 0.03° (1-6). In figure 11 we show a summary of a few of ooinverged OpNav solutions at
the end of processing of a particular data setirigh” for comparison we take one of our
solutions with the combined data set from LAMO, gbhis significantly more accurate than
what we could accomplish on approach. The firsialsrconclusion after processing the RC1



data was that there was a significant correctigrmbre than 3° in the initial value of the right
ascension. The pole solution from RC1 is alreadiiwi0.2° from the truth, however later
updates, RC2 and OpNav18 tend to deviate furthayawhis, despite the fact that in later
updates all the earlier data from RC1 are includdtie solution. Finally, as expected the RC3
data move the pole solution within 0.04° from theh. These results are surprising and
currently under investigation as lessons learne€&res. The most favorable explanation is that
the results are due to the observing geometrynbéerg with RC1, which is at mid-south
latitudes, subsequent observations image Vestagiusobuth and up to the south pole. These
observations, even though at higher resolutionatseem to have as much strength in the pole
estimation as observations closer to the equatthrase from RC1 and RC3.
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Figure 11. A few of the OpNav pole solutions on appach. Shown are the final converged
values at the end of processing of the respectivatd set

8. Survey Operations

Prior to beginning Survey operations we discardeitdnages less than 500 m resolution, which
resulted in a relatively short data arc, extendingr a two-week period only. For each of the
seven orbits downlink of images began 2 hours #fietit-to-dark terminator crossing. Standard
processing with every new data batch began by ¢xecsteps a and b as described above for
approach. The surface coverage of the availabbe sktwas also estimated. Subsequently, if
there was time available before the arrival of mexages, areas where there was sufficient
coverage with Survey images, typically 5 or moreremiled with the next round of higher
resolution landmarks, which was at 300 m/pixel,rtbeninal Survey image resolution. As early
as the end of the first Survey orbit, there wasicgeht equatorial and polar coverage to begin
the tiling in these areas. Tiling proceeded byding the surface area up to 60° N with 41
overlapping larger size maps, 256x256, at 750 relpithich were constructed prior to Survey.



This process was executed entirely in batch madgaing scripts that would follow all steps in
the construction of a new landmark. The new landtsarere defined at specific coordinates
relative to the bigmaps with a stepping schemedhatved ~40% surface overlap between
neighboring maps. The only manual work requirethenprocessing of these new landmarks was
checking and correcting for outliers. By the endhef 3° orbit we had achieved complete
surface coverage and by the 4th orbit all 300 msmaguired to cover completely the visible
surface of Vesta, a total of 2300, have been ededihe procedure of round-the-clock
processing of new images and the continuous rehgilaf landmarks was interrupted at
predetermined intervals in order to provide indgotsthe orbit determination, of which a total of
10 were made in Survey. At the end of Survey, weoreed all remaining approach images from
the landmarks, discarded the landmarks that wenesatutions of 1.5 and 1 km, which were too
coarse to be of future use, and rebuilt all landimane more time for a preliminary Survey orbit
reconstruction. At this point the average valuéhefRSS of the landmark covariance was 97 m,
for a total of 209528 landmark observations andpits-fit RMS of residuals was 88 m, or 0.29
Survey image pixels. This last figure includesdbatribution to the residuals from map-to-map
overlaps and the limb-landmark constraints. The Riifesiduals between image and
landmarks is even smaller at 0.15 FC pixels.

However, the landmark height error distribution was uniform. Image coverage and
illumination conditions created systematic erroithwegional variations. The landmarks with
the highest accuracy, evidenced in both the posediduals and individual landmark covariance
were in the 50° S to 90° S latitudes. The reasanved only the larger number of images per
landmark but also the fact that these regions eni@most complete azimuthal coverage in
solar incidence and variation in solar elevatiome Tandmarks with the larger position errors
were concentrated in two places. The first wasraandts along the northernmost narrow band.
Many of these landmarks had relatively dark imagesery low solar elevation, < 10°, some of
them contained large, dark patches due to topbgrapd they had no landmark neighbors to
their north. The second was a band of ~30° widilatitude centered at 27° S where the phase
angle was the minimum of 12°-15° throughout Survéhese landmarks suffered from high
solar elevation, with small azimuthal variation eléffect of the high solar elevation was to wash
out fine topographic information resulting in mdpat contained mostly albedo information with
inferior slope estimation. This problem, which vedso apparent in the RC3b images on
approach, was already known from high-fidelity siation studies and it is inherent in the orbit
design choice of a small beta angle. To countsruhdesirable effect the OpNav inputs included
alternate deliveries where the landmarks in the ptvase sub-equatorial band were excluded.

The final step in Survey was to construct the laak® needed for HAMO-1 and the other
mission phases. HAMO images are at a nominal résalof 60 m/pixel, a factor of 5 higher
than that of the 300 m map resolution, which wddsle resulted in sparse landmark coverage
of the HAMO images. From past analysis a factd2-8fin map/image ratio was needed in order
to provide good landmark image coverage and adeaquaatelation between maps and images.
The process that we used to construct the 300 ns,ma&gs repeated during the ~3 week long
transfer from Survey to HAMO-1. The surface of ¥egp to 60° N was divided into 49 regions
of overlapping large size maps, 512x512 at 300sulugion, which were synthesized from the
individual landmark maps. These maps were tiletesyatically with higher resolution
landmarks, 125 m/pixel. A total of 14828 such laadks were constructed. We need to
emphasize that maps at scale smaller than the ipiagkescale do not have a higher intrinsic



map resolution. The actual feature resolution @séhmaps does not exceed the image resolution.
Because of the large computational task this waak warried out in a distributed environment
simultaneously for each region and the new landmasre collected in a central node where the
global solution of landmarks and camera pointing werformed. The iterated results had a post-
fit RMS of residuals of 62 m and an average landtnpassition uncertainty of 65 m, for a total of

> 1.2x16 observations and were used in the final Survegrnsituction. Figure 12 shows the
post-fit landmark residuals in both pixel, and linghe final iteration of the combined optical

and radiometric data set. The RMS is 0.145 pixeith, few outliers > 1 pixel.
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Figure 12. Post-fit optical landmark residuals at he end of Survey. The data arc includes
all Survey orbits and the last session from approdc

9. HAMO-1 and beyond
The methods and procedures outlined for Surveyabipeis were carried to the other 3 science

orbits, HAMO-1, LAMO and HAMO-2, so we’'ll give a i&f summary and only highlight a few
interesting points.



9.1 HAMO-1

Data acquisition in HAMO-1 was on every daylight@ur pass. We had data playbacks roughly
every 12 hours. The frequency of the playbacksthadarge number of landmarks present
allowed little available time in which to rebuiltl endmarks with the addition of the new
images, while in HAMO-1. Furthermore, each cycl&l®diMO-1 covered completely just once
the visible surface, so at the end of each cyobretwere no more than 2 new images to
contribute to each landmark with the exceptiorhef$outh pole. After cycle 3 we began
rebuilding mostly the sub-equatorial latitude lartks, which in Survey suffered from the high
solar elevation. The addition of the HAMO-1 imagés minimum of 30° phase in that region,
significantly improved the surface feature resaltihere, the landmark-to-image correlation
and eventually the accuracy of the landmark pasitiagure 13, shows such an example; there
are many surface features that span lengths friaw & many Survey image pixels, yet many
of them appear fuzzy or unresolved at the end ofeSui but they are completely resolved after
adding a few HAMO-1 images at lower solar elevation

Figure 13. A 125 m/pixel map at 20° S latitude. L&fas it appears at the end of Survey.
Right; after we have added a few HAMO-1 images ablwer solarelevation

One of the interesting findings early in HAMO-1 washift between the center of the coordinate
system of the landmarks and the center of masstabklished by the radiometric data. Such a
drift between the two coordinate systems was p@tinexpected starting with late approach but
no such evidence was found even in Survey. In gri@t¢here’s no reason why the two
coordinate centers should coincide, consideringlémaimarks are not sensitive to dynamical
measurements. In practice we expected that thedoalinate centers should be close given the
combined contribution of both radiometric and ogitidata in the orbit solutions. The telltale

sign was a systematic shift between the landmarksted with Survey data, and the HAMO-1
images. The images appeared to be shifted relatittee landmarks systematically in the latitude
direction and the magnitude of the shift was depdrah the latitude, with a maximum value of



~700 m near the equator and decreasing to almasttéhne south pole. The exact offset of the
two coordinate systems was estimated by the odvérchination team, by solving for the relative
vector difference between the two coordinates syst@a the process of fitting the radiometric
and optical data. This process took place in faaration steps; at each step the landmarks were
shifted by the difference between the two coordirsgsstems and new inputs were made, until
the difference was < 6 m in magnitude. The tot#t skas 680 m in the +Z direction, i.e. the
landmark coordinate system was originally soutthefcenter of mass. The shift in the two
equatorial axes was in the order of a few cm ohhe most likely explanation for the shift being
entirely along the Z axis is that while the radidneedata were influenced by all parts of the
Vesta interior, the optical data were limited to@ong up to 45° N latitude, so that the number
of landmarks were not averaged above and belowdbator.

At the end of HAMO-1 the 750 m/pixel landmarks wdrgcarded as too coarse for the
remaining mission phases and the remaining landsnaeke rebuilt with the addition of the
HAMO-1 images. Following that, the visible surfaafevVesta was again divided into 85
overlapping regions mapped with large format bigmd®24x1024 at 125 m/pixel and was tiled
again systematically with landmarks at 60 m/piesiaiution, the average FC pixel scale of
HAMO-1. A total of 52211 landmarks at 60 m/pixelene constructed, bringing the total
number of landmarks of 300, 125 and 60 m/pixela@42 that were used for image processing
in LAMO and HAMO-2. A total of 2533 HAMO-1 imagesere used. This was the highest
resolution of landmark maps created at Vesta. Atetld of HAMO-1 the final post-fit RMS of
residuals was 28.3 m, or 0.47 HAMO-1 image pixeld the average landmark position
uncertainty 44.3 m.

9.2 LAMO

This phase was extended to last ~five months fr@oeihber 2012 to end of April 2013. Since
the key science were GRaND and gravity sciencanhge acquisition strategy and volume was
limited by the remaining playback volume. There ev@mplaybacks/week that varied greatly in
the total number of orbits covered and images aedurom 120/week to 630/week. The image
resolution varied with latitude from 22 m/pixelthe south pole to 19 m/pixel at the equator.
During the second half of LAMO the Sun had moveffigantly north in Vesta latitude, up to

12° S, to allow newly exposed terrain in the 50° $6° N. However, the larger beta angle in
LAMO, 45°, rendered these areas very dark and molaedmarks were constructed there.
Usually the first 5-6 images from every orbit warehe north and too dark to be useful. A total
of 9045 LAMO images were processed. Because ofehgsmall image footprint LAMO

imaging did not completely cover Vesta more thams and most landmarks did not accrue
more than 2-5 LAMO images, with the exception afsth south of 80° S. Due to the large
number of landmarks and images, which renderedegsicg of the OpNav inputs by the orbit
determination team very time consuming, our inpugge limited to a truncated set, usually
every second or third image.

The most interesting finding in LAMO was that of@rection to the initial Vesta rotation rate.
Shortly after processing LAMO images, it becameaappt that there was yet another systematic
discrepancy between the surface registration of CAlhages and the landmarks as established
at the end of HAMO-1. LAMO images would tend todstset relative to the landmarks mostly

in the longitude direction. That offset was latieudkependent; it was larger at the equator, up to



300 m, and decreased towards the poles. At thé pmle the offset was completely random.
The obvious explanation was that of a rotation eater. The Vesta rotation rate until then had
been the initial one from ground observations, 18332776 deg/day. Fitting of the radiometric
and optical data in LAMO allowed the estimatioraddifferent rate, which at the end of LAMO,
with a longer data arc was estimated to be 16172333 0.000147 deg/day.

9.3 HAMO-2

HAMO-2 began with the Sun at 6° S Vesta latitudethat significant portion of the previously
north terrain was now illuminated. HAMO-2 had a gancycle and observing pattern of nadir
and off-nadir observations as HAMO-1 although difeerent cadence in order to add more
images in the north. HAMO-2 extended the illumiibéeea of Vesta up to 80° N, but with
various dark patches in-between from dark crateriors. Image processing steps and frequency
were similar to HAMO-1 with the exception of thesti 5-6 north images, which initially did not
contain any landmarks. At the end of HAMO-2 we breganstructing the landmarks in the area
between 45° N — 80° N. Because of the absenceyaoography there, the sequential
landmark construction steps from coarse to finsolgion had to be repeated; first we tiled the
area with 300 m/pixel maps and after a first capghmodel that extended to 80° N was
completed, the northern latitudes were divided mefgions and tiled at 125 m/pixel. Currently
we are constructing the 60 m/pixel maps, that wes# in the final HAMO-2 reconstruction.

10. Conclusions

Overall the OpNav contributions to the navigatigeations at Vesta were quite successful.
We were able to meet the time-demanding operatiwoatraints, contribute to all phases of
navigation and assist in the determination of almemof the physical parameters of Vesta.

The application of landmark navigation for operasigoroduced results at the expected level of
accuracy. Key to the successful operations wasragvplanning of the data acquisition,
sequencing as well as simulation and testing dhallsteps in the end-to-end navigation
processes of the mission. Of equal importance nabeu of valuable lessons learned, such as
those of the pole estimation on approach, wilidewed upon as we begin preparations for the
Dawn encounter with Ceres in 2015.
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