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MRD 127, 128, 129, 132 

 

Text verifying the requirement can be found at: 

https://sciwik.lpl.arizona.edu/wiki/pages/D3g0r960/RotationStateAltimetry.html 

MRD-127 (2.7.2) Determine the rotation pole (right ascension, declination, and obliquity) of 

Bennu relative to J2000 to within 1° in each parameter. 

MRD-128 (2.7.3) Determine the amount of wobble in the spin pole of Bennu to within 1° 

MRD-129 (2.7.4) Measure the rotation period of Bennu to within 10 seconds 

MRD-193 (2.7.7) Determine the YORP effect on Bennu to a precision of ≤1x10-3 

degrees/day/year 

Both Altimetry and Radio Science working groups have independent methods for meeting some 

or all of these requirements. See the independent discussions for each working group by clicking 

through the links below. 

Text verifying MRD 193 RS can be found here: 

https://sciwik.lpl.arizona.edu/wiki/pages/t648z1d3 

 

Altimetry Methods 

Summary of Requirement 

MRD-127: OSIRIS-REx shall determine the rotation pole (right ascension, declination, and 

obliquity) of Bennu relative to J2000 to within 1° in each parameter.  

Rationale: Rotation pole location needed to define coordinate system, pole orientation critical to 

determine surface acceleration distribution. One degree is equivalent to tracking the rotation pole 

in the body-fixed frame to the order of a few meters.  

MRD-128: OSIRIS-REx shall determine the amount of wobble in the rotation pole of Bennu to 

within 1°.  

Rationale: Pole wobble needed to understand any recent perturbation to the asteroid's spin state. 

This level of precision will enable estimation of the moments of inertia of the body should the 

asteroid be in a clearly detectable excited rotation state.  

MRD-129: OSIRIS-REx shall measure the rotation period of Bennu to within 10 seconds. 

Rotation period needed to define coordinate system, surface velocity distribution and surface 

accelerations.  

Rationale: 10s in time is on the order of 1m of surface motion.  



MRD-193: OSIRIS-REx shall determine the YORP effect on Bennu to a precision of < 1.0E-3 

degrees/day/year.  

Rationale: The YORP effect can significantly alter the rotation state of small asteroids. 

Knowledge of this effect is important for constraining the dynamical history of the asteroid. The 

stated precision is 20% of the predicted value for the YORP effect on this asteroid.  

Verification Overview 

The topographic maps or digital terrain maps (DTMs) produced to satisfy this requirement are 

generated using Stereo-Photoclinometry (SPC) processing of OCAMS image data, using range 

data obtained by the OSIRIS-REx Laser Altimeter (OLA), or using GEODYN processing of both 

images and OLA data. Production of the shape models from these observations produces a 

rotation state (pole, wobble, rotation period) as part of the solution. The Altimetry Working 

group (AltWG), in concert with science operations (SPOC), navigation (FDS), and mission 

operations (MSA) teams, conducted a set of tests to verify the accuracy of these products. These 

tests quantify the SPC processing performance by comparing the products with truth models. The 

algorithms employed to produce these products have extensive heritage that includes analyses of 

data from Dawn, Hayabusa, and MESSENGER spacecraft. These approaches are all different 

and separate from the Radio Science methods for measuring rotation parameters.  

Tests have verified that these requirements will be met except for the YORP effect, MRD-193, 

which has not been verified by AltWG. Table 1 contains a summary of the verified performance. 

Details, including liens and caveats are provided in the text. 

Table 1. Performance tested and verified using SPC processing. 

 

Data products required 

SPC requires images from the OSIRIS-REx Camera Suite (OCAMS) with sufficient resolution 

and adequate variation of incidence and emission angles. GEODYN processing of OLA data 

requires altimeter measurements that encompass most of the surface of Bennu. Additional 

required data include reconstructed NAIF SPICE spacecraft ephemeris kernels (SPK), attitude 

NAIF SPICE kernels (CKs) for the spacecraft and instrument pointing, instrument kernels (IK) 



for OLA and OCAMS, frames kernels (FK), and spacecraft clock kernel (SCLK). The spacecraft 

SPK should include the location of the spacecraft center of mass (COM). The initial shape model 

of Bennu is based on radar data from Arecibo measurements and will be updated based on 

processing of in-flight data. Figure 1 illustrates all of the data required by the AltWG to meet its 

requirements, including those in these requirements.  

 

Figure 1. Data flow of the Altimetry Working Group that generates this required product. 



 

The resulting outputs include: 

1. OBJ shape file (ASCII) of each region. 

2. SPC Maplets in the MAP format 

3. Binary multi-layered FITS images with incorporated headers where DTM and all 

ancillary data produced are included (including topography). 

4. NFT specific multi-layered FITS file (a subset of the full multi-layered FITS file with 

only surface height, albedo and data quality information) 

5. ASCII or binary ancillary FITS tables where each number corresponds to a facet in the 

original OBJ file. 

Detailed description of many of these products are listed in the ALTWG SIS (UA-SIS-9.4.4-

307), OLA SIS (UA-SIS-9.4.4-302), OSIRIS-REx Map Format SIS (UA-SIS-9.4.4-324, Rev. 1.0 

), and NFT SIS (UA-SIS-9.4.4-327). 

Ability/Availability of the System to Generate Sufficient Observations 

The OSIRIS-REx spacecraft, OCAMS, OLA, and mission were all designed and built to 

specifications that ensure the AltWG obtains the data necessary for the generation of the 

products required during the mission. The detailed observing plan was reviewed found sufficient 

to provide images with the incidence and emission angles required for measuring the required 

rotation parameters. 

Minimum Success Criteria 

The AltWG must locate the pole, measure the rotation period, and measure the polar wobble to 

achieve the objectives of the OSIRIS-REx minimum mission. These requirements, MRD 127, 

128, and 129, are required by science operations, navigation, and flight dynamics teams to 

conduct orbit operations. 

Dependencies per Mission Phase 

Images from the approach, preliminary-survey, and detailed-survey phases are required to derive 

rotation parameters from SPC processing. GEODYN and OLA processing require data through 

Orbit-B mission phase. 

Adequacy of the Design Reference Mission (DRM) 

The current DRM Rev C is sufficient to collect both the OLA data and the OCAMS images that 

are necessary to derive the rotation parameters for MRD-127, 128, and 129.  

Data Products per Mission Phase 



The rotation parameters will be generated following the Orbital-B phase of the mission and will 

be completed within 14 days from the time that all required OLA and OCAMS data are available 

to the AltWG. 

Overview of Processing 

Altimetry data processing is an iterative process that repeats the same processing steps several 

times to sequentially generate products of higher and higher fidelity. After each iteration, the 

products are evaluated with respect to the requirements and to the results of the previous 

iteration, stopping when requirements are met or when improvement is negligible. If new data 

are available, they are added to the processing for the next iteration. The AltWG efforts are two-

pronged, one based on SPC processing of OCAMS images and a second based on OLA 

data. Usually, OLA processing requires only one or two iterations. The intermediate, lower-

fidelity data products for both SPC and OLA will be produced in the same format as the final 

products. The next paragraphs describe the processing steps that produce each one of these 

products. The “ALT” label to map products refers to those generated from OLA data. 

In one parallel effort, all the OCAMS images of the surface of Bennu are taken to incrementally 

build a shape model of the asteroid using SPC. SPC combines stereo techniques with 

photoclinometry to derive the tilt at each surface pixel of a given image. SPC uses stereo parallax 

to define the initial relationship between surface tilts and observed albedo. The tilts of a piece of 

asteroid surface imagined at multiple emission and incidence angles can then be refined via least 

squares to identify the tilts that best duplicate the input images. Once the surface tilts are 

obtained, the geometric height across each map is determined by integrating over the tilts. These 

individual terrain maps (called “MAPLETS”) of the surface are then joined together to produce 

global shape models and regional digital terrain maps, taking additional advantage of stereo 

parallax. SPC also uses asteroid limb and terminator data to constrain the shape of the asteroid. 

Additional details on SPC processing are available in Gaskell et al., (2008) and Gaskell et al., 

(2011). The global shape model and the regional terrains maps are the primary SPC products. 

SPC also provides estimates of the center of figure, pole location, wobble and rotation state, and 

volume of Bennu.  

The second parallel effort uses the OLA Level 2 data products to create a shape model. The 

process makes use of the University of Hawaii’s School of Ocean and Oceanography (SOEST) 

Generic Mapping Tool (GMT). The locations of each OLA measurement in the asteroid body 

fixed frame are an “OLA point cloud” and are collected in a global or local grid generated over 

the surface. Then the GMT blockmedian, and the GMT sphrinterpolate or surface algorithms are 

used to generate an initial set of low-resolution surface maps by computing the median height of 

a grid and performing a spline fit. Local maps are produced by splitting OLA data into a suite of 

low-resolution local maps (“MAPOLAs”), which can then be combined using the same 

algorithms and processes employed to convert SPC MAPLETS to the global shape. The OLA 

data are adjusted to the global map using an iterative closest-approach algorithm, to minimize 

differences between the OLA point cloud and these surfaces. Each iteration produces a suite of 

slightly higher resolution maps. This process is repeated until additional adjustments yield no 

improvements in the resulting maps. With this final set of MAPOLAS, a global shape model and 



a suite of regional surfaces and tilt maps are produced. Combining OLA data with the SPC 

products generates the final, highest-fidelity version of these parameters. 

The AltWG uses the surface terrain models to compute the height or geopotential topography at 

each OLA measurement and at the center of each facet of the shape, global, and site-specific 

maps. This definition of topography requires a reference geoid, which is an estimate of the local 

geopotential and provides the local acceleration due to gravity (Turcotte and Schubert, 1986). 

The shape model provides a volume over which to integrate to obtain the surface geopotential, 

acceleration due to gravity, and thus topography. We use a uniform density until the Radio 

Science Working Group (RSWG) finds that the gravity field measured by the OSIRIS-REx 

spacecraft indicates that Bennu’s density is sufficiently heterogeneous to warrant a more-

sophisticated density model. 

The AltWG will generate initial products of topography, potential, gravity, and slope using this 

assumption of uniform gravity. The AltWG and the RSWG use the technique of Werner and 

Scheeres (1996) to compute the geoid and gravitational acceleration of an asteroid and can use 

an alternative algorithm that generates equivalent results but requires a factor of 2.5 less 

computing time (Cheng et al. 2002). Both algorithms can derive rotation rate and wobble. With 

either algorithm, the processing computes the scalar potential U at each facet center of a shape 

model, and the associated vector of acceleration due to gravity g. In the case where the measured 

gravity field shows a large discrepancy between the field produced by the shape of the asteroid, 

and measureable heterogeneity, the algorithm produced by the RSWG is used to compute the 

geopotential, the acceleration due to gravity and surface slopes correctly across the asteroid, and 

for individual OLA data.  

Once a geoid is computed, the height or topography e as measured at each facet center x of a 

shape model or at each OLA return becomes e = [U(x)-Uref]/|g| where Uref is a reference 

potential. Because of the important centrifugal effects due to the rotation of Bennu, we set Uref 

to the minimum potential at the surface rather than some other average value. To compute 

surface slope  in degrees with respect to gravity, we use cos = n(x).g(x)/|n(x)||g(x)|where n is the 

normal vector to each facet center x of a shape model produced by the AltWG. 

AltWG also provides several products of surface tilts. Tilts are a measure of surface shape that 

are independent of geopotential topography. Absolute tilt is important for evaluating the viability 

of potential TAG sites.  

All the software and algorithms that produce the required products are tested and verified. 

Additional testing is planned to improve margins and evaluate contingencies. The SPC code is 

qualified and controlled at the class B level. 

For rotation parameters, the AltWG will also process images and OLA data with GEODYN, an 

orbit determination and geodetic parameter estimation software. GEODYN solves for the 

rotation parameters, including wobble, as it integrates the spacecraft trajectory with a set of 

measurement models for images and altimeter ranges and performs batch least-squares to 

minimize the observation residuals while estimating model parameters. Details of the processing 

and rotation-parameter estimation are in Mazarico et al. 2016 (see references). 



 

Figure 2: Flow chart showing the processing that produce global and regional maps from which 

are generated Bennu’s rotation parameters. 

Provenance of Algorithms, Software and Techniques 

The SPC algorithms, software and techniques employed have recent heritage, including use in an 

operational settings: Dawn, Hayabusa, MESSENGER and LRO. The SPC software has been 

qualified as Class B by modularizing and documenting the code. Many of the software tools such 

as GMT are standard tools used in many missions including MGS (MOLA) and the NEAR-

Shoemaker mission. GEODYN has been used extensively to study Earth, Mars, the Moon, 

Mercury, Eros, Vesta, Ceres, and Hayabusa. 

Expected Results/Simulated Data 

SPC and OLA data products that would satisfy the rotation requirements were produced during 

several tests. Table 1 shows the accuracy of the products produced during the tests. The 

following section, titled “Analysis & Verification Methods,” provides details of the tests. The 

AltWG team also performed a simulation using GEODYN to process images and OLA data to 

recover the rotation parameters (Mazarico et al. 2016; see references). 

 



Table 1. Accuracy of the rotation parameters produced in tests to verify MRD-127, 128, and 129. 

For wobble, the SPC test determined that the wobble was zero, which was the test parameter. 

Future tests will include non-zero wobble.  

 

Analysis & Verification Methods 

SPC verification (separate analysis based on F1 test data; see "Preliminary test of rotation" in the 

references): The OCAMS test images used to generate the current DRM Rev C results for the 

SPC product were produced using the enhanced Bennu shape model 3. Each OCAMS image was 

produced using the Goddard tool, Freespace. With this tool, several vectors from each camera 

pixel are shot at a truth model to derive the surface reflectance at each vector. The average of this 

reflectance for all the vectors in one pixel is used to compute the reflectance detected at one 

OCAMS pixel, after applying a model for the pixel response.  

GEODYN verification: (see Mazarico et al. 2016 under References) The simulation used OLA, 

OCAMS, and radio-tracking data and consisted of several simulations of increasing fidelity. The 

full simulation included included systematic errors and errors in spacecraft trajectory and 

instrument pointing. Several landmark-weighting schemes identified the overall effectiveness 

and advantages of each approach. 

Existing or Potential Liens 

Lien-ALT-2 has closed with the completion of the F6 and NFT thread tests, which demonstrated 

that the AltWG products met the MRD requirements using data with realistic errors in spacecraft 

and pointing.  

Closure on Lien-ALT-2: lien on subsequent testing. Both the SPC and OLA tests assumed that 

there were no errors in either the spacecraft trajectory or the pointing data. Ongoing SPC and 

OLA thread tests are evaluating the effects of including spacecraft and trajectory uncertainties. 

Initial results of these tests show that spacecraft trajectory and pointing errors have negligible 

effects on final results as both sets of errors can be extracted during processing of the data sets. 

OLA tests will be complete in June 2016 and SPC tests will be completed after launch. 

SPOC Requirements 

For the AltWG to produce the required product, the SPOC must provide the data products, 

software, and hardware described in the SPOC-to-AltWG and OLA-to-SPOC ICDs. These 



requirements include numbers 1, 2, and 3, below. Number 4, remote access, is not a requirement 

but the SPOC is providing the service to facilitate data operations and analysis. 

1. The image and altimetry data, SPICE kernels, and information such as the location of the 

candidate TAG sites. 

2. Four computers with a capability similar to or better than the 2016 12-core MacPro. 

3. A file-access and folder structure compatible with remote processing. 

4. Remote access that facilitates off-site processing of AltWG software.  

External Interfaces 

VPN, GIT, and web-based interfaces as defined in the SPOC-to-AltWG and SPOC-to-OLA 

ICDs. 

 

Radio Science Methods 

Requirements Overview 

 

The Radio Science asteroid rotation state requirements are outlined in the table below. To close 

out requirements 2.7.2, 2.7.3, 2.7.4, and 2.7.7, the Radio Science team will process radiometric 

tracking data, along with altimetry and optical imaging data. The estimation process returns both 

the best estimate of the state and the accuracy of the estimate. 

    MRD-127 (2.7.2) Determine the rotation pole (right ascension, declination, and obliquity) of 

Bennu relative to J2000 to within 1° in each parameter. 

    MRD-128 (2.7.3) Determine the amount of wobble in the spin pole of Bennu to within 1° 

    MRD-129 (2.7.4) Measure the rotation period of Bennu to within 10 seconds 

    MRD-193 (2.7.7) Determine the YORP effect on Bennu to a precision of ≤1x10-3 

degrees/day/year 

There is one data product that will be produced by the Radio Science team to satisfy these 

requirements: 

RQ36 Spin State 

o   This is an ASCII file containing the currently estimated RQ36 rotation state with the 

associated errors. This file will include the rotation pole right ascension, declination, and 

obliquity, the rotation pole wobble, and the rotation period, along with all associated errors. This 

information will be used to satisfy requirements 2.7.2, 2.7.3, and 2.7.4. This will be produced for 

RS phases of the mission beginning in phase 4B. 

 



o   Data product 2.7.7 will also be estimated as a constant rate of change in the asteroid spin rate. 

A final value for this estimate will not be produced until after the nominal mission, due to its 

expected small effect. 

Process Overview  

The Radio Science process for estimating the spin state is described in detail in Refs. 1 and 2. 

Ref. 1 explains the mathematical theory behind the least-squares estimation scheme used to 

determine the spin state. This process accounts for the spacecraft and asteroid dynamics, and 

uses measurement data from the radiometric tracking, altimetry, and optical images. Ref. 2 is a 

manual that details how the Radio Science team uses the software package Geodyn to implement 

the process described in Ref. 1. 

Instrument Capabilities 

The main “instruments” used by the Radio Science team are the three on-board communications 

antennas that send and receive data to Earth through the Deep Space Network (DSN). The high-

gain antenna (HGA) is the best instrument for Radio Science purposes as, since it has the most 

power, it sends signals with the highest signal-to-noise ratio. However, because the antennas are 

fixed to the spacecraft body, certain spacecraft orientations will require communication to be 

through the medium-gain (MGA) or low-gain (LGA) antennas. 

The spacecraft telecommunications subsystem team will determine the detailed specifications 

and predicted performance of the antennas. The accuracy of the measurements used by the Radio 

Science team depends on both the spacecraft antenna properties and the DSN delivery 

performance. In that regard, the DSN dishes can also be considered instruments used by the 

Radio Science team. 

Expected Data Return by Mission Phase 

 

The radiometric tracking data returns Earth-spacecraft range, Earth-spacecraft range-rate, and 

ΔDOR (delta differenced one-way range) measurements. The altimetry provides RQ36-

spacecraft range measurements. The optical imaging provides RQ36-spacecraft direction 

measurements. The details of what these measurements are, and the information they provide to 

the estimation process, are given in Ref. 1. 

 

The Design Reference Mission (DRM) defines the measurement cadence for the mission. Within 

this regard, the fundamental rule of thumb for RS is that more data is better in the long run, as it 

will allow for more detailed analysis and more accurate estimation. However, during the mission 

operations, we will use specific sets of measurement data in order to meet the Level 2 science 

requirements during the expected mission phases. The main phases for information gathering and 

initial delivery of RS products are the Survey (4), Orbital (5), and Reconnaissance (6) phases. 

 



The initial portion of the survey phase, DRM phase 4A, is a crucial time for RS. There will be 

three slow fly-bys of RQ36, each lasting approximately 2 days, which will provide the data to get 

initial mass and center of mass estimates. During this phase, RS will use 8 hours per day of 

Doppler and ranging data, as well as 4 days with 1 hour of ΔDOR measurements. Optical and 

LiDAR measurements will also be taken around the closest approach of each fly-by. 

Doppler and ranging data will continue to be taken at a rate of 8 hours a day during phase 4B, 

when the spacecraft is maneuvering to multiple different viewing orbits. 

The key DSN measurements used to satisfy RS requirements occur during the orbital phase. The 

spacecraft will be in a 1.5km terminator orbit during phase 5A, and a significant amount of 

Doppler, ranging, optical, and LiDAR data will be taken. 

During phase 5B, the spacecraft moves to a 1km orbit. In this phase, there is a week where there 

will be continuous DSN coverage for 3-days (24 hours a day), 1 day with 8 hours of coverage, 

and then another 3-day continuous coverage period. This set of data is crucial to driving errors 

on all estimates as low as possible because during this time the spacecraft will be essentially 

quiescent, allowing for minimal perturbations to the natural dynamics. 

Finally, the reconnaissance phase will put the spacecraft in 450m orbits, which will add 

significantly more information for determining the spin state. 

Ground System Observation Planning Capabilities and Resources 

The Radio Science team does not actually plan specific observations – the radiometric tracking 

arcs are arranged between the spacecraft team and the DSN, and the optical imaging and 

altimetry observations are planned by their respective working groups. 

Data Processing Products and Timeline 

The Radio Science data products require the following inputs: 

·      DSN doppler and ranging data. 

·      DSN input data including Earth orientation parameters, tracking station locations, and media 

calibration data. 

·      Optical navigation data from the image processing team. 

·      Altimetry measurement information. 

·      FDS SP kernel containing previous navigation solutions. 

·      RQ36 spin state. 

·      S/C E kernel. 

·      C kernel. 

 



·      Previous Radio Science SP kernels. 

 

Most of the input data products are available on a rolling basis as new measurements are taken 

(DSN data, optical data, altimetry data). The Radio Science team produces the RQ36 spin state 

and SP kernels, so these are always available to us. The FDS SP kernel, the S/C E kernel, and the 

C kernel will be available at regular intervals throughout the mission. 

 

Requirements 2.7.2 and 2.7.4 should be closed during phase 5B. It is difficult to surmise exactly 

when specific estimation accuracy will be met since it depends on measurement quality etc., 

although some details on this topic are available in Ref. 1. Although the requirements should be 

closed at these points, the estimates will continue to be updated throughout the mission phases as 

more data is obtained. Requirement 2.7.7 will be closed during Phase 9, once final 

reconstructions are made. 

 

At any time when new data is received, the Radio Science team can update the gravity field 

solutions, as the estimation process is iterative. Updating the solution requires pre-processing the 

data into the Geodyn format, and then running the Geodyn software.  

 

The time to reach a solution depends on the amount of data being processed. Typically, it will 

range from minutes to hours once the data is pre-processed into Geodyn format. The pre-

processing will likely take less than 1 workday. 

 

Verification will be through processing different subsets of data independently, and through 

comparison with navigation/flight dynamics solutions. If results are consistent, this verification 

is very fast (minutes), however if significant differences appear, or if bad measurement data is 

obtained, verification could take several days.  

Software Development in Support of Rotation State Science 

 

As previously mentioned, the Radio Science process will use the GEODYN II software, which 

was created at NASA Goddard Spaceflight Center. The software is distributed by SGT Inc. More 

information is available at their website:  http://terra.sgt-inc.com/geodyn/. 

 

This software does require further development, mainly to properly process optical imaging data. 

This development is currently under way at Goddard, under the direction of Dave Rowlands, a 

Radio Science team member. 



 

The software will be delivered to the SPOC during Phase C/D. 

Summary and Conclusions 

 

The Radio Science process for estimating RQ36’s spin state is an iterative process that improves 

as more data is acquired. Requirements 2.7.2 and 2.7.4 should be closed during phase 5B. 

Requirement 2.7.7 will not be closed until after the close proximity operations are over and final 

reconstructions are made. 

 

The main outstanding issues with the Radio Science process is the exact determination of the 

type/format of the input data products obtained from the altimetry and image processing working 

groups, and the continued development of the GEODYN software. 
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