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 MRD-114 (2.4.1) Analyze the surface of Bennu to identify at least one potential 

sample site of scientific value 

Primary Co-I: Keiko Nakamura-Messenger 

Science Working Group:  Sample Site Science 

Summary of Requirement 

The requirement is to rank the scientific value on the surface of Bennu, by making the integrated 

global and Site-Specific Science Value Maps (SVMs), each consisting of sub-science value maps 

(sub-SVMs). The SVM is one of the four maps for the sample site selection to identify high 

science value regions of Bennu that satisfy our primary goal of the mission. 

    Integrated Global Science Value Map  

         Global Science Value Chemical Composition Map 

         Global Science Value Mineralogy Map 

         Global Science Value Geologic Feature Map 

         Global Science Value Temperature Map 

    Integrated Site-specific Science Value Maps  

         Site-specific Science Value Chemical Composition Maps 

         Site-specific Science Value Mineralogy Maps 

         Site-specific Science Value Geologic Feature Maps 

         Site-specific Science Value Temperature Maps 

None of the input data products are instrument data products. Instead, they are processed data 

and map products that will be verified by the provider working groups. The data products are 

projected and analyzed using the small Body Mapping Tool prior to the SVM processing. 

Expeditor scientists from SSSWG will evaluate and verify the input data quality. Uncertain or 

low quality data products will be excluded. The SVM is a synthesis of data products combined 

with a well-defined algorithm, described here: Algorithm Description for Integrated Global 

Science Value Map. 

Data Products Required 

Following data products are required for the SVM production. 

1) Global Color Ratio Maps (IPWG) for a base-layer of the SVMs to help delineate geological 

and chemical boundaries. 

 



2) Global Albedo Map (SAWG) (use OCAMS MAPCAM or POLYCAM Panchromatic filter 

global observations from the 12:30 Detailed Survey station mosaiced and photometrically 

corrected to zero phase angle. This product is the base-layer as indication of dark area.  

3)  Global Mineral and Chemical Maps (SAWG) for Global SV Chemical Composition Map and 

Global SV Mineralogy Map. 

4) Global Geology Linear Feature Map (RDWG) for Global SV Geologic Feature Map. 

5) Approach dust plume survey (APWG) for Global SV Geologic Feature Map. 

6) Global dust and gas plume geology map (RDWG) for Global SV Geologic Feature Map. 

7) Global Crater Geology Map (RDWG)  for Global SV Geologic Feature Map. 

8) Global Space Weathering Map (RDWG) (the quick-look" version) for Global SV Geologic 

Feature Map, and recreate Site-specific Space Weathering Maps by SSSWG. 

9) Global Thermal Inertia Map (TAWG) for indication of grain size distribution for Global SV 

Geologic Feature Map. 

10) Global Temperature Map (TAWG) for Global SV Temperature Map.  

11) Site-Specific Mineral and Chemical Maps (SAWG) for Site-Specific SV Chemical 

Composition Maps and Site-Specific SV Mineralogy Map. 

12) Site-Specific Grain Size Frequency Distribution (RDWG) for Site-Specific SV Geologic 

Feature Maps. 

13) Site-Specific Temperature Map (TAWG) for Site-Specific SV Temperature Map.  

 



Ability/Availability of the System to Generate Sufficient Observations 

None of the input data products are instrument data. Instead, they are processed map data 

products that are established and verified by other working groups.  

Minimum Success Criteria 

The SVM will be produced on a best-effort basis that attempts to capture every key element of 

the primary science goal of the mission to return volatile-rich and organic-bearing asteroid 

regolith. Each incoming data product will be treated individually, but the science behind them is 

cross-correlated, making many data products proxies for one another.   

Dependencies per Mission Phase 

All the available incoming data products will be processed prior to the down selection of 12 

sample sites (global) and the final site selection (site-specific).  We will develop SVMs 

incrementally as quick as any new input data products are available to process, whether it’s full 

scale or partial. 

 

Adequacy of the DRM 

The SSSWG will start processing the SVM and soon as the provider working groups make the 

required data products available. The mission profile described by DRM Rev. C does not enable 

full-scale SVM production. Some of the data products required for the SVM (especially the data 

products for the SV Geologic Feature Maps) come in right before or even after the site-selection 

phase. We will redefine the data product delivery schedule once the new, extended mission 

asteroid operation time line is released. 

Data Products per Mission Phase 

 



The sooner the provider working group upload the required data products, the faster SSSWG can 

start processing the SVM. 

Overview of Processing 

The SVM maps will be projected on the global shape model by overlaying the color images 

(global and site-specific color ratio maps) from IPWG and the albedo maps (from the 

Photometric modeling group).  The SVM maps will be compatible with the mission's data 

visualization tool and the original input science data will be traceable for data verification and 

evaluation (input data, algorithm definition, weighting factor). 

The SVMs will be processed using functions implemented within the MakeMaps software. 

SSSWG will evaluate the data reliability. Data products with large uncertainties will be 

eliminated by the scientists assigned to each sub-SVMs. 

Provenance of Algorithms, Software and Techniques 

The algorithm for SVM is simple scoring system, which is well-established and reviewed by the 

team:   

    The SVM algorithm is simple scoring system weighing on priority 

    #1) Organic/water enrichment feature 

    #2) Mineralogical diversity 

    #3) asteroid surface age/freshness. 

See the SVM algorithms descriptions for the details. 

 



 

Expected/Simulated Data 

Science Value Map Assessment Report presentation (click the link below) 

SVM_Assessment_Roberto_Nov2013_New.pdf 

Analysis & Verification Methods 

The SVM algorithm has been demonstrated using simulated input data as follows: 

    The SVM algorithm has been coded and demonstrated in MATLAB. 

    Assessed all possible cases - nearly 8 million possible sets of input data and plotted histograms 

of the resulting science value scores. 

    Performed a sensitivity analysis via the MATLAB implementation to see how the algorithm 

behaves in different scenarios. 

Existing or Potential Liens 

Lien-SVM-1 is closed. The SVM tool is complete and installed on a computer at the SPOC. The 

Global SVM was generated using this tool. 

    Lien-SVM-1. Production of the SVM requires implementation of the formal SVM mapmaking 

tool by the SPOC using the algorith described here. This will include elements of the PI-office-

built mapmaking toolkit or other analogous software. This tool is still in development. 

SPOC Requirements 

SPOC must enable to develop preliminary SVM prototype using the SVM requirements and the 

algorithm that have been already submitted, together with the simulated data products from other 

working groups that feed into the SVMs. What we need is for the SPOC to provide all the 

required working group data products in the repository. The SVM will be produced using the 

MakeMaps tool and visualized using the Small Body Mapping Tool. 

 



 

External Interfaces 

The SVM will be delivered to the Mission Site Selection Board for evaluation in the sampling 

site selection decision. 

 

 

Below: Original Product Description kept for repository reasons.  

Data Acquisition Requirements 

SVM-G01: Overall Global Science Value assessment shall be based on the following Science 

Value Map data products.  The Science Value Maps shall consists of the following global maps: 

Integrated Science Value Map, Science Value Chemical Composition Map, Science Value 

Mineralogy map, Science Value Geologic Features Map and Science Value Temperature Map 

(in priority order) 

    Integrated Global Science Value Map (MRD-114)  

         Global Science Value Chemical Composition Map 

         Global Science Value Mineralogy Map 

         Global Science Value Geologic Feature Map 

         Global Science Value Temperature Map 

SVM-02: Global Science Value Chemical Composition assessment shall be based on the 

following data products 

    Global mineral and chemical maps (MRD-140) 

    Global Organic to Silicate Ratio (new data product request not yet submitted. KNM) 

    Global CH2 to CH3 Ratio (new data product request not yet submitted. KNM) 

SVM-03: Global Science Value Mineralogy assessment shall be based on the following deta 

products: 

    Global mineral and chemical maps (MRD-140) 

    Global Crystal to Amorphous Ratio  (new data product request not yet submitted. KNM) 

SVM-04: Global Science Value Geology Feature assessment shall be based on the following 

data products 

    Plume Density Distribution in asteroid environment (MRD-142) 

    Global Space-weathering Map (MRD-542) 



    Global PSFD map (MRD-121) 

    Global Linear Features Geology Map (MRD-139) 

    Global Crater Geology Map (MRD-136) 

SVM-05: Global Science Value Temperature assessment shall be based on the following data 

products 

    Global temperature maps (MRD-155) 

SVM-06:  Overall Site-specific Science Value assessment shall be based on the following data 

products (in priority order) 

    Integrated Site-specific Science Value Maps (MRD-114) 

         Site-specific Science Value Chemical Composition Maps 

         Site-specific Science Value Mineralogy Maps 

         Site-specific Science Value Geologic Feature Maps 

         Site-specific Science Value Temperature Maps 

SVM-07: Site-specific Science Value Chemical Composition assessment shall be based on the 

following data products 

    Site-specific mineral and chemical maps (MRD-118) 

    Site-specific Organic to Silicate Ratio (new data product request not yet submitted. KNM) 

    Site-specific CH2 to CH3 Ratio (new data product request not yet submitted. KNM) 

SVM-08: Site-specific Science Value Mineralogy assessment shall be based on the following 

deta products: 

    Site-specific mineral and chemical maps (MRD-118) 

    Site-specific Crystal to Amorphous Ratio  (new data product request not yet submitted. KNM) 

SVM-09: Site-specific Science Value Geology Feature assessment shall be based on the 

following data products (note that the feeding data products are different from the global SV sub-

map.) 

    Site-specific 5-cm PSFD maps (MRD-115) 

    Site-specific 2-cm PSFD maps (MRD-116) 

    Site-specific Geologic Map (MRD-195a 

SVM-10: Site-specific Science Value Temperature assessment shall be based on the following 

data products (since the site-specific T map is measured at the time of sampling, we don't need 

this sub-map). 



    Site-specific temperature maps (at the time of sampling) (MRD-411) 

Processing Methodology 

Science Value Requirements 

SVM-11: Science Value shall be assessed independently for each four data product (sub category 

maps) listed in SVM-01 and SVM-06 before integrated into over all science value maps 

SVM-12: Science Value Geological Feature shall be assessed as a proxy for surface age 

freshness. 

below is old stuff (KNM 11/12/2013). 

 

Figure 1:  Integrated Science Value Map flow diagram (modified in L4 by KNM 9/20/2013). 

 

Chemical Composition Map is derived from OVIRS and OTES data taken on the surface of the 

asteroid. The primary variables that we have identified for this SVM are: (1) the detection and 

abundance of organics and volatiles, (2) the organic/silicate ratio, if detected, and (3) the 

CH2/CH3, if detected, and is a method for measuring the length of the CH2 in aliphatic 

hydrocarbons, thus the lower the CH2/CH3, the more primitive the material. A key phrase for 

data needed to produce the SVCCM is ‘if detected’. Although we have weighted this map as the 

highest science value (see below), it is also one where the potential is very real that we may not 

have abundant data to feed into the final map product. 



Next in importance to ISVM is the L2, Sample Value Mineralogy Map, which is derived from 

data received from OVIRS and OTES. This is further subdivided into Mineralogy and 

Crystal/Amorphous ratio. For the former, we have listed in priority established within the 

mission the mineral species from most important, phyllosilicates, to a new category, unknown 

spectra. It is also possible that we may be able to obtain some feel for the abundance of 

amorphous material relative to that of crystalline phases. We have future divided this category to 

reference the abundance to UOC, CR3.0, and IDPs as a mean of helping to guide our decisions 

from the ISVM. 

The L3 variable, Science Value Geological Feature Map (SVGFM) is essentially a proxy for 

potential freshness of the surface of Bennu. It is a science priority that, if possible, we collect the 

freshest material that we can find. This category is further divided into 5 subcategories, the first 

being Plume Activity. We are interested in being about to discern the differences between active, 

recent, and Paleo. Even through Safety may demand that we do not approach any active plumes, 

it is still the highest science priority followed closely by evidence of recent activities. Space 

weathering is the next in the pecking order of importance for Geological features and is 

subdivided into less than the global average and more than the global average. Particle size 

frequency distribution is presented as having three major subcategories: mix, course, and fine. 

Each are debatable about why one might be more important than another. Brittle deformation 

features are next followed by Craters, which is divided into recent and paleo-craters, with recent 

potentially offering the freshest excavation of regolith. The data for the map components that 

feed into SVGFM are feed directly from the RDWG to the SPOC and the SSSWG obtains the 

needed information from the SPOC. 

The last variable, Temperature (L4), and will be provided by data from OTES. We have 

subdivided temperature, and referenced it to a global average (which we may need to refine for 

just the daytime) to colder than global night, average global night, and hotter than global night 

average.  

To implement effective production of each element of the ISVM, a liaison between the following 

Science Value Maps and Working Groups will be identified as the lead for each SVM: Science 

Value Chemical Composition for SAWG; Sample Value Mineral Map for SAWG; Science 

Value Geological Features Map for RDWG and Science Value Temperature Map for TAWG.  

 

Quantification of Science Value 

 

At best, we can only produce a semi-quantitative method for weighting different elements that 

feed into the ISVM. The very word, value, is subjective in its meaning and different scientists 

will emphasize the importance, or place value on, different categories of science value for 

different reasons. Figure 2 is a graphical representation of a weighted scoring system that 

directly feeds into the algorithms of each of the four Science Value Maps to produce a means of 

quantifying the ISVM. 



Figure 3: A graphical flow diagram conceptually representing the production of the Integrated 

Science Value Map. 

Time-frame for Data Processing 

We honestly have no idea on the time line for this, but my guess is that, it would be relatively 

quick, 24 hrs or less, depending on the time it takes to get the inputs of the data products. 

Analysis and verification methods 

As above, we honestly have no idea on the time line for verification. For the Science Value Map, 

it would completely depend on the verification of all the input products. For the actual Science 

Value Map we estimate 24 hrs for verification. 

Software 

An observation planning tool is required that displays a current model of the asteroid, ingests 

predicted S/C trajectories and attitudes through SPICE kernels, allows the construction and/or 

input of image sequences and then plots and/or overlays the projected field of view outlines on 

the simulated asteroid target.  It should be able to adjust the sequence schedule and identify 

conflicts with other instrument observation or S/C resources.  It should include an estimate of the 

on-board processing time as well as the time to downlink, given planned or budgeted downlink 

schedules. 



 
 
 

1 

 

Science Team TAG Reconstruction Plan DRAFT 

Generated by: Walsh, Bierhaus, Clark, Connolly Jr., Enos, Keller, Lauretta, 

Michel, Nakamura-Messenger, Scheeres, Della-Guistina/Rizk 

Subject: TAG Reconstruction and Sample Success Assessment  

February 1, 2015 Update on 15 April, 2016 

 

Overview of Science Team TAG Reconstruction Plan – Asteroid Response to Spacecraft 

 

Reviews have revealed the need for a Science Team effort, post TAG, to determine the 

asteroid response to the spacecraft interaction with its surface. This effort, the “Science 

Team TAG Reconstruction”, is formalized as a Data Product, with critical pieces to be 

delivered by the Regolith Development Working Group (RDWG) to the PI seven days 

post-TAG. Below are summaries of the strategy the Science Team proposes to use for 

each aspect of the TAG Reconstruction and an overview of the critical data and tools that 

they will rely on. The TAG Reconstruction consists of three levels of assessment as 

expressed by the PI in an email on 5-December 2013 that launched this effort.  

 

First Assessment 

“The first assessment must be part of the baseline plan leading up to the Sampling 

Success Review. This plan should include quick turnaround (<1 week) assessment of the 

TAG event to determine the likelihood that sufficient material was mobilized to collect the 

baseline mass of material. This analysis will be presented in conjunction with the TAG 

Reconstruction from the spacecraft, along with the results of the moment of inertia 

measurements and TAGSAM imaging campaign, in determining whether or not to stow 

the sample in the SRC.”  

 

Second Assessment 

“The second assessment will only occur in the event that the previous analyses suggests 

that a second TAG attempt is needed. In this case, this team must compile all relevant 

data to inform us as to why the first attempt was unsuccessful and to produce data 

products that will improve our safety and sample-ability maps.” 

 

Third Assessment 

“The final assessment will take place over an extended period of time after sample 

stowage with the intent of understanding the nature of regolith on Bennu for scientific 

inquiry.” 

 

Personnel: 

Kevin Walsh (lead): Managing and overseeing the delivery of the Data Product 

Patrick Michel & Dan Scheeres: Advising on numerical modeling, 

Lindsay Keller & Keiko Nakamura-Messenger: Advising on physical properties of 

primitive materials, 

Ben Clark & Beau Bierhaus: TAGSAM capabilities experts, 

TBD: Image processing expert (currently Dani/Bashar) – expertise on SamCam imaging. 

MSS and Project Planning and Control Officer (as Science Team Interface) 
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Document Overview: 

The Science Team TAG Reconstruction Plan is an ongoing effort, with continued 

modeling and input from many sources (TAGSAM Characterization Testbed and 

TAGSAM numerical modeling for example). Therefore this document cannot outline all 

of the specifics of the process that will be used in the days following TAG. Rather this is 

a collection of the current knowledge of possible/known data input sources, practical and 

timely ways to analyze them, and thoughts on what we may still learn or want to address 

in the future. 

 

There is a strong bias towards the First Assessment, for the clear reason of it being the 

most time-constrained and its potential to inform the decision to stow the sample. The 

Second Assessment would become critically important in the case that there is a need for 

a 2nd TAG attempt, though it would likely rely on similar analysis and tools as employed 

in the First Assessment. 

Table of Contents 

First Assessment ....................................................................................................................... 3 

Second Assessment .................................................................................................................. 9 

Third Assessment .................................................................................................................. 11 

APPENDIX A: Data Ingestion .............................................................................................. 13 

APPENDIX B: Sampling Success Algorithm ................................................................... 16 

APPENDIX C: Interpreting IMU profiles - S/C+TAG+CFS system ........................... 17 

APPENDIX D: Determining Constant Force Spring Compression Amount ........ 22 

APPENDIX E: TAGSAM Characterization ........................................................................ 24 

APPENDIX F: Firing of the Gas – Gas Effects .................................................................. 24 

APPENDIX G: Thruster Plume Surface Affects During Rehearsal ......................... 25 

APPENDIX H: Atlas of Model Outcomes – S/C Asteroid Interaction ..................... 25 

APPENDIX I: Regimes of Penetration Measured by POGO Switch ........................ 27 

APPENDIX J: Further Information on TAG Imaging Campaign .............................. 27 
 
-Clarification on the 3 fronts – IMU modeling, before/after image analysis, 

Sampleability assessment [WHERE?] 

-Graphical Timeline (from slides) 

-Overview (graph timeline (milestones), TBD, Table of DPs, Table of Receivables, )+ 

Sections on each Data Product (instead of Appendices) +  

Matrix – Confidence levels   -- similar to Sampleability…  
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Updates for Version 3 
 
Updates and accomplishments 
1. Completion of modeling work by Holsapple – including a database of lab experiments 

and tentative scaling law(s) based on lab, literature and computations. 

2. Completion of 1st year modeling work by Sanchez and Scheeres (extended 2nd year). 

Included a clear demonstration of utility of tracking torques on S/C. 

3. Completion of 1st year modeling work and continued work by Ballouz/Richardson. 

Included a clear demonstration of correlation between depth of penetration and surface 

compliance.  

4. Preliminary calibration data of Constant Force Spring (CFS) delivered to Walsh.  

5. Release of some ADAMS models telemetry outputs released to Walsh. 

6. Near completion of “TAG processed telemetry” OIA. Including definition of new 

product detailing LM derived forcing on S/C during TAG. 

7. Imminent release of TAGSAM testing data to Walsh and TAG Reconstruct. 

8. Imminent release of TAG SVT telemetry data to Walsh and TAG Reconstruct. 

9. Initiation of TAG Reconstruct’s Sampleability Assessment plan with Bashar Rizk, who 

is heading up TAG imaging campaign for IPWG 

 

Work to go for 2016: 

1. Completion of 2nd year of numerical modeling by particle code modelers – including 

calibration to Lab and TAGSAM tests and the production of preliminary atlas of results. 

2. Revise TAG Reconstruct Plan – nominally for 1-March 2016. 

 

Summary of Numerical Modeling work (#1-3):  

Numerical modeling focused on building a simple testbed and calibration database in the 

lab (Holsapple) to be used to calibrate the N-body particle codes and to increase the 

capability of multiple N-body codes to incorporate more spacecraft physics 

(Ballouz/Richardson, Scheeres/Sanchez). The laboratory results have been sent to the 

other groups to use for code calibration – this includes not just experimental (penetration) 

outcomes, but also the macroscopic properties of the various target substancts (angle of 

friction, Poisson Ratio, Youngs Modulus tabulated for Sand, glass beads and Bennu 

simulant). Year 2 of the Ballouz/Richardson and Scheeres/Sanchez modeling groups 

work focuses on matching these results, along with TAGSAM testing results, and then 

building a preliminary “atlas” of IMU outcomes for a wide range of parameters. 

 

CFS calibration, ADAMS model outcomes, SVT Telemetry and TAGSAM testing data 

(4-8): 
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First Assessment 
“The first assessment must be part of the baseline plan leading up to the Sampling 

Success Review. This plan should include quick turnaround (<1 week) assessment of the 

TAG event to determine the likelihood that sufficient material was mobilized to collect the 

baseline mass of material. This analysis will be presented in conjunction with the TAG 

Reconstruction from the spacecraft, along with the results of the moment of inertia 

measurements and TAGSAM imaging campaign, in determining whether or not to stow 

the sample in the SRC.”  

 

To produce an answer to “the likelihood that sufficient material was mobilized to collect 

the baseline mass of material”, requires two separate questions be addressed:  

1) How much material was mobilized?  

2) How does sample collection amount correlate with amount of material mobilized on 

Bennu? 

 

To answer both questions a number of values/properties need to be derived or inferred 

from measurements of OCAMS imaging and GNC and spacecraft (S/C) telemetry, the 

process is discussed below in General Strategy, and includes the construction of “sub-

products” to help clarify the process and eventually team responsibilities.  It should be 

noted that there are numerous scenarios that could result in reduced, ambiguous or fully 

compromised imaging data post-TAG. Hence this Science Team TAG Reconstruction 

Plan, and the on-going work described within, focuses heavily on the S/C telemetry and 

its use as a tool to understand the TAG-event. Similarly, the timeframe of the first 

assessment is driving much of this Reconstruction Plan. With only ~7 days to deliver an 

assessment of the likelihood that sufficient material was mobilized to collect the baseline 

mass of material, the timing of data availability is critical. 

 

The plan, as described below, is to assess sampling success based on the penetration 

profile, or depth, of the TAG Head. The algorithm at the heart of the Sampleability Map 

estimates sampling amount as a function of the measureable surface properties of particle 

size frequency distribution, minimum and maximum particles and tilt. While those 

properties will be measured before TAG, and can be measured at TAG with SamCam 

imaging, the TAG Reconstruct efforts can also infer, or derive, aspects of the TAG event 

itself to help constrain sampling success. For example, TAGSAM testing has shown a 

strong correlation for sampling success with “pre-loading” of the TAG Head due to a 

minimum of penetration and the TAG Head being flush with the sampling surface. 

Meanwhile, penetrating into the surface and keeping a flush geometry can all be undone 

if the TAG Head pulls away, or snaps back, from the surface before the gas fires. The 

TAG Sampling Success algorithm is not expected to reach completion until after 

TAGSAM Characterization and numerical modeling efforts are complete. 

 

 

 

 

General Strategy for TAG Reconstruction: 
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To determine the likelihood that sufficient material was mobilized to meet the sample 

requirements we seek to answer these two related questions: 

 

1) How much material was mobilized? Determine TAG head penetration profile and 

translation motion during contact with Bennu.  

 

2) How does sample collection success correlate with amount of material mobilized on 

Bennu? A recalculation of the Sampleability algorithm with updated parameters from 

SamCam imagery would provide a zeroth order estimate. Here the need is to estimate 

sampling success as a function of material mobilization, which is primarily determined 

by penetration profile (and possibly gas release). This relationship still needs to be 

determined from the TAGSAM characterization testbed and from TAG numerical 

modeling, and has unknown correlations with other surface properties.  

 

The available data and the timeline of its availability are summarized in APPENDIX A: 

Data Ingestion. The values to be derived from the measured data are described briefly 

below, and receive more detailed descriptions in various Appendices at the end of the 

document. 

  

Here we start with the derived value of “Sampling Success”, working back through other 

necessary derived values and to the measurements that they depend on. Note that some 

derived products depend on other derived products and not only measured data. 

 

Sub-Products and Ingested Data:  

 

Sub-Product: Sampling success -- “the likelihood that sufficient material was mobilized 

to collect the baseline mass of material”. This is the interpretation of the various Derived 

Sub-Products, and it is the value that is reported in this assessment. This algorithm is 

described in APPENDIX B. 

 

Derived Sub-Products: 

Sub-Product: Material mobilized – combine all derived values to make this estimation. 

Sub-Product: TAG Penetration Profile – combine derived values and modeling. 

Sub-Product: CFS Compression – combine derived values and modeling. (Appendix C ) 

Sub-Product: TAG Translational Motion – derived from S/C telemetry.  

Sub-Product: Sampleability Map Algorithm Estimate – recalculated with TAG imagery. 

Sub-Product: TAG Head Geometry – S/C and TAG telemetry derived geometry. 

Sub-Product: TAG+Asteroid Force Profile – TAG head force at time of gas firing. 

 

 

Measured Sub-Products: 

Sub-Product: SamCam imaging of TAG Head size over time – pixel size of TAG head. 

Sub-Product: SamCam before/after images of the TAG location – IPWG video of TAG. 

Sub-Product: S/C telemetry - IMU readings of the deceleration of the S/C. 

Sub-Product: TAG telemetry - POGO switch outputs. 

Sub-Product: Lidar range over time – GNC Lidar Telemetry. 
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Sub-Product: Lidar point clouds – GNC Lidar Telemetry. 

 

 

TAG Reconstruct Report depends on the rapid delivery of the following Data Products 

(described more in APPENDIX A): 

Ingested Data Product  Source Duration of 

production 

(1) Post-TAG event TAGSAM Telemetry Report 

(TAG Telemetry) 

TAGSAMWG  TAG + (3) days 

(2) Imagery/Movie from SamCam (MRD-380) IPWG/SPOC TAG + (5) days 

(3) Trajectory Reconstruction based on the NavCam 

imagery and the Radio Tracking Data  (S/C 

Telemetry) 

SPOC/LM TAG + (5) days 

(4) Sample Mass Measurement Report LM TAG + (5) days 

(5) Post-TAG NavCam and GNC Lidar Imaging 

Reports (GNC Lidar Telemetry) 

LM TAG + (5) days 

 

 

Generating the Reported Sub-Product: Sampling success 

Despite a similar task, this calculation does not rely strictly on the algorithms developed 

for the Sampleability Map, which is defined to estimate sampling success as a function of  

particle size frequency distribution, maximum and minimum grain size and the tilt. While 

those values are all measured for the sample site before TAG, here we will have the 

derived value of penetration profile. Nominally the inclusion of this value provides an 

additional parameter with which to estimate sampling success from the TAGSAM 

Characterization Testbed and also numerical modeling. The proposed algorithm is a 

similar functional calculation of sampling success based on the same inputs as 

Sampleability, with the inclusion of penetration depth. See APPENDIX B for algorithm 

details. [TBD: Further definition/description of this algorithm and what it depends on will 

follow completion of TAGSAM Characterization and TAG Numerical Modeling.] 

 

Derived Value: Amount of mobilized material 

The amount of mobilized material is simply defined as the volume of the crater or 

indentation caused by the TAG-event. For cases where no visible inspection is possible, 

this value is a combination of the derived penetration depth and the derived translational 

motion. This value is calculated independently by visual inspection of SamCam imaging 

of the TAG site, or derived values of penetration depth and translational motion. This 

derived value depends on (Penetration Depth, CFS compression, TAG translational 

motion, SamCam imaging). 

 

Derived Value: Penetration profile 

The penetration depth is the distance below the surface penetrated by the TAG head. The 

derivation of this value is calculated independently by visual inspection of SamCam 

imaging of the TAG site, or derived from the amount of compression of the CFS and 

interpretation of IMU output related to numerical modeling outcomes. This derived value 



 
 
 

7 

depends on (SamCam imaging, S/C telemetry – IMUs, Numerical modeling, Derived 

CFS compression). See Appendix B: Toy Model for IMU interpretation. 

 

Derived Value: CFS compression  

The compression of the CFS is closely related to penetration depth for nominal scenarios 

(see Appendix C). Determining the compression of the CFS may provide an indirect 

method to constrain the depth of penetration (see Appendix D). The POGO switch 

provides a direct, but coarse, measurement of compression amount. Ranging estimates 

from SamCam imagery or Lidar may also constrain this value. This derived value 

depends on (SamCam imaging, TAG Telemetry – POGO Switch, Lidar). See 

Appendix C: for IMU interpretation, and Appendix D for CFS compression 

determination methods. 

 

Derived Value: Translational motion 

This value is amount of translation motion during the TAG event. This is derived from 

the IMU readings to estimate the translational motion of the spacecraft during the TAG 

event. This derived value depends on (S/C telemetry - IMUs). 

 

Derived Value: Sampleability Map algorithm estimate 

The Sampleability Map algorithm estimates collected sample size as a function of the 

sample site particle size frequency distribution, minimum and maximum particle sizes, 

and the tilt. The Sampleability Map (MRD-570c) is calculated globally and also site-

specific with higher resolution, and part of it calculation is the convolution with 

Deliverability. Here, the output of the sample amount algorithm, recalculated with 

highest resolution SamCam images of the TAG site to provide updated estimates of SFD 

and tilt, provides a zero-th order estimate of sampling success. This depends on 

(SamCam imaging).  

 

Derived Value: TAG Head Geometry  

Sampling success is closely correlated with the geometry of the TAG head when the gas 

fires. Any gaps between the TAG head and the surface can allow pre-loaded materials 

etc., to not be ingested due to gas flow. IMU evolution combined with SamCam imaging 

may allow determination of the TAG Head at the time of gas firing. This depends on 

(S/C Telemetry, TAG Telemetry, SamCam imaging). 

 

Derived Value: TAG+Asteroid Force Profile  

This simply estimates the force between the TAG Head and the surface of Bennu. If the 

TAG head is “pulling away” or “snapping back” there could be a negative force, and any 

pre-loaded material in the head from the penetration could be un-loaded before the gas 

fires. Deriving this property depends on interpreting the IMUs from the S/C along with 

estimates of the CFS behavior. This depends on (S/C Telemetry, TAG Telemetry, 

SamCam imaging). 

 

Measured Sub-Products: (see APPENDIX A: Data Ingest) 

Sub-Product: SamCam imaging of TAG head size over time – pixel size of TAG. 

Sub-Product: SamCam before/after images of the TAG location – IPWG video of TAG. 
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Sub-Product: S/C telemetry - IMU readings of the deceleration of the S/C. 

Sub-Product: TAG telemetry - POGO switch outputs. 

Sub-Product: Lidar range over time – GNC Lidar Telemetry. 

Sub-Product: Lidar point clouds – GNC Lidar Telemetry. 

Sub-Product: NavCam imaging. 
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Second Assessment 
“The second assessment will only occur in the event that the previous analyses suggests 

that a second TAG attempt is needed. In this case, this team must compile all relevant 

data to inform us as to why the first attempt was unsuccessful and to produce data 

products that will improve our safety and sample-ability maps.” 

 

The second assessment has as a primary focus two separate tasks: 

1.) “compile all relevant data to inform us as to why the first attempt was unsuccessful” 

2.) “to produce data products that will improve our safety and sample-ability maps.” 

 

To satisfy the first task, many of the derived Sub-Products described in the First 

Assessment will directly apply. Currently analysis of the backscattering material using 

NavCam, SamCam or Lidar is not built into the Sampling Success algorithm. Given a 

longer timeframe this additional Sub-Product can be incorporated into the compilation of 

data on the first attempt. Imaging of the TAG Head may provide additional data on the 

dynamics of the first TAG attempt and/or the nature of the surface material. 

 

To satisfy #2, the TAG Reconstruct team needs to address the question of “why” 

sufficient material was not mobilized to achieve sampling success. Following both the re-

calculated Sampleability algorithm and the Sampling Success algorithm can lead to 

expected areas of failure. It is possible that this may occur for cases outside the nominal 
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spacecraft performance or asteroid response, and would imply that much of the simulated 

parameter space from both numeric and laboratory experiments may not be directly 

applicable and further tests/simulations may be required to understand the results. TBD: 

defining a path to satisfy #2. 

 

Post-TAG imaging of the TAG location may provide significant new data, both crater 

size and shape, but also global alteration of Bennu. A global view of Bennu is not 

possible in the first assessment, and this larger view of the effects of the first TAG 

attempt allow for a closer look, especially at the nature of backscattered debris. 

 

Additional Sub-Products: 

Sub-Product: Backscatter 

Sub-Product: Imaging of TAG head. 

 

Dervied Value/Product: Backscatter 

Backscattering material may be diagnostic of the state of the TAG head and at the time of 

gas firing – and also of the surface properties. Here this Sub-Product uses images of the 

surface away from the TAG site to constrain the total mass and velocity of the 

backscattering material. Given more observations, this Sub-Product could include further 

data from Global data. These derived values depend on (NavCam imaging and Lidar 

data). 

 

Derived Value/Product: Imaging of TAG Head 

Images of the TAG Head may constrain the dynamics of its interactions of the surface, 

both the force between the head and the surface, but also relative motion. 

 

Third Assessment 
“The final assessment will take place over an extended period of time after sample 

stowage with the intent of understanding the nature of regolith on Bennu for scientific 

inquiry.” 

 

The long timescale allowed for the Third assessment permits further experimentation to 

better match the imaging and S/C telemetry with experimental results. In particular this 

extended period of time allows for a detailed investigation of the asteroid’s surface 

properties that may have been unimportant or degenerate in the First and Second 

Assessment analyses. These include properties such as cohesion, angle of friction, and 

porosity depth profiles. 

 

TBD: This assessment will be fleshed out after finalizing the Sampling Success 

Algorithm and the details of the various methods to derive the Sub-Products. 
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List of TBD 
 

Section Description Date of 

Resolution 

Personnel Image Processing Expert  

First 

Assessment/ 

Appendix B 

Sampling Success Algorithm Description  

Second 

Assessment 

Defining a path to produce data products that will 

improve our safety and sample-ability maps 

 

Third 

Assessment 

Further details on plans to use TAG Reconstruct 

tools/algorithms for long-term science 

 

Appendix A 

(data Ingestion) 

GNC Lidar: FOV for full-frame, expected 

accuracy/performance for range estimate, geometry 

limitations. 

 

Appendix A 

(data ingestion) 

Use of Sample Mass Measurement Report in TAG 

Reconstruct 

 

Appendix D 

(CFS 

compression) 

Use of GNC Lidar to help constrain CFS 

compression 

 

Appendix E 

(TAGSAM 

Characterization) 

Summarize here the relationships between 

sampling success and both the measureable surface 

properties (Sampleability), and also the other 

possibly derived TAG event properties such as 

penetration depth, TAG Head geometry and the 

TAG Head force profile. 

 

Appendix F (Gas 

effects) 

Possible investigations of global effects due to 

backscattering debris. 

 

Appendix G 

(Thurster Plume) 

Study on possible pre-TAG observable surface 

changes due to Thruster Plumes during rehearsal 

burns. 

 

Appendix I  Further expand look-up table of POGO indent 

switch relation to regimes of penetration depth. 

 

   

  



 
 
 

13 

 

APPENDIX A: Data Ingestion 
Information about the spacecraft interaction with the surface of the asteroid will be 

targeted through a number of channels, broadly divided into imaging and telemetry. The 

imaging campaign includes numerous science instruments, as well as SamCam and 

NavCam imaging. The telemetry includes S/C acceleration readouts in 6-degrees of 

freedom, TAG telemetry such the Constant Force Spring indent switch, as well as GNC 

Lidar data. The specific data expected to be available to the Science Team during this 7-

day time frame will be (with expected durations for production and sources):  

 

 

Data Product  Source Duration of 

production 

(1) Post-TAG event TAGSAM Telemetry Report TAGSAMWG  TAG + (3) days 

(2) Imagery/Movie from SamCam IPWG/SPOC TAG + (5) days 

(3) Trajectory Reconstruction based on the NavCam 

imagery and the Radio Tracking Data  

SPOC/LM TAG + (5) days 

(4) Sample Mass Measurement Report LM TAG + (5) days 

(5) Post-TAG NavCam and GNC Lidar Imaging 

Reports  

LM TAG + (5) days 

 

The timeline for data ingestion is still notional, or worst-case, with work to go on 

defining the Telemetry channels to be delivered to the SPOC, and the downlink and 

processing time for SamCam imaging. 

 

Imaging Schedule: (Further details in APPENDIX J) 

1. SamCam: The TAGSAM imaging campaign consists of 189 SamCam images from 

Checkpoint through Backaway, with a maximum imaging rate of 3images/5sec from 5m 

to TAG+10sec. These will directly observe the TAG site during TAG. 

2. MapCam: The TAGSAM imaging campaign consists of 282 MapCam images from 

Sampling Attitude to 25m. 

3. NFTCam: The guidance camera, NFTCam, will take 171 images, with 1frame/30sec 

from Checkpoint through TAG-50sec, and 1frame/sec from there through TAG+65sec. 

These will not directly image the TAG site during TAG. 

4. OTES/OVIRS: The TAGSAM imaging campaign consists of 34 min of data for both 

instruments imaging at 0.5Hz and 1Hz respectively from Sampling Attitude to 

TAG+65sec. 

  

NOTE: TAG continues in light of SamCam failure. Thus it is possible for NO SamCam 

data to be available. 

 

Telemetry descriptions: 

Below is a table summarizing the expected space telemetry during TAG, including 

estimated sensitivity and the sampling rate (table taken from “TAGSAM telemetry” by 
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Clark on the Wiki). The sampling rate for the IMU systems will be increased to 200Hz 

during the time around TAG. The Pogo switch is binary and flips is the spring deflects by 

~2cm with readouts at further amounts of compression  (see APPENDIX C). While the 

total compression of the spring is not recorded, combining telemetry with surface range 

estimates may allow an estimate of the total compression of the spring, which could be 

valuable to reconstruct the event (see APPENDIX D).  

 

The GN&C Lidar will take windowed and full-frame data throughout the TAG event, 

allowing determination of Asteroid range and production of some point clouds as well as 

document the final approach velocity. The DRM Rev C calls for 25 min of 1Hz 

windowed data to span pre-Checkpoint to TAG+65sec. There is also 1 min of 0.1Hz full-

frame images to span 25m until completion of Backaway maneuver. Windowed images 

are 1/64th of full frame images. Although this unit is not guaranteed to sense the 

topography of the exact touchdown point because of being off-pointed relative to the 

possible directions of lateral drift of the S/C during the approach, it can give general 

information on the topographic variability as well as document the final approach 

velocity.  [TBD: FOV for full-frame, expected accuracy/performance for range estimate, 

geometry limitations] 

  

There is an indent switch on the CFS, the POGO switch, that triggers at 2cm and again at 

10, 2, 10, 2, 4cm of additional compression (see APPENDIX D). A 62 N constant force 

spring should start compressing (decelerating a ~1500kg S/C) inducing a deceleration of 

4.1 cm/s2 [62N/1500kg=4.1cm/s2]. The CFS alone would decelerate the S/C for ~2.44s 

compressing ~12.2cm [2.44=10cm/s / 4.1cm/s2 and 12.2cm = 10cm/s*2.44s – 0.5*4.1 

cm/s2*(2.44sec)2]. The compression of the CFS will be limited from this extent due to 

deceleration of the S/C by the surface of the asteroid (see APPENDIX C for further 

derivation of the S/C+CFS+TAG dynamics).  

 

The Sample Mass Measurement is a direct avenue to estimate sampling success and may 

be incorporated in this TAG Reconstruct but is not a Report that the Science Team 

Reconstruct will use for guidance – rather it will be used for comparison and eventually 

calibration. [TBD: It is unclear how specifically this should be included in the Science 

Team TAG Reconstruction. To me (Walsh) it seems that it should be used as an 

independent estimate of the mass collected – and not a source of data for this assessment. 

It could serve as a useful calibration tool for the following two assessments.] 
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Table 3.1  Telemetry Data Streams Relevant to TAG

Subsystem Sensor Measurement Directionality

R

a

n

Sensitivity
Bits/Meas

urement

Sampling Rate 

(Hz)

GN&C MIMU Accelation (3) X, Y, Z 0.14 mm/s 2

GN&C MIMU Angular Rates (3) X, Y, Z TBD 2

SARA Pogo Switch Binary Z n/a 0.1 tbr

SARA Potentiometers Arm joint positions relative angle n/a 8 as req/d

Thermal RTDs Temperatures n/a 0.1 deg 1 0.1

GN&C Star Camera
Quaternion for 

spacecraft attitude
4π

4

π
0.5 mrad 2

GN&C Flash Lidar Range Z 2.8 cm tbr 10

GN&C Flash Lidar
Localized 

topographic profile
Z TBD TBD
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APPENDIX B: Sampling Success Algorithm 
 

 

Despite a similar task, this calculation does not rely strictly on the algorithms developed 

for the Sampleability Map, which is defined to estimate sampling success as a function of  

particle size frequency distribution, maximum and minimum grain size and the tilt. While 

those values are all measured for the sample site before TAG, here we will have the 

additional derived value of penetration depth/profile. Nominally the inclusion of this 

value provides an additional parameter with which to estimate sampling success from the 

TAGSAM Characterization Testbed (more details in APPENDIX H) and also numerical 

modeling (APPENDIX E). The proposed algorithm is a similar functional calculation of 

sampling success based on the same inputs as Sampleability, with the inclusion of 

penetration depth. 

 

TAGSAM testing has shown a strong correlation for sampling success with “pre-loading” 

of the TAG Head due to a minimum of penetration and the TAG Head being flush with 

the sampling surface. Meanwhile, penetrating into the surface and keeping a flush 

geometry can all be undone if the TAG Head pulls away, or snaps back, from the surface 

before the Gas fires. The TAG Sampling Success algorithm may not reach completion 

until after TAGSAM Characterization and numerical modeling efforts are complete. 

 

 

[TBD: Relating Penetration depth/profiles with sampling success from TAGSAM 

Characterization Testbed and Numerical Modeling.] 
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APPENDIX C: Interpreting IMU profiles - S/C+TAG+CFS system  
 

We are trying to clarify the role the Spacecraft Telemetry may play in estimating the total 

amount of mobilized material and thus the likelihood of sampling success. An important 

aspect of this is understanding precisely what we will learn about the penetration depth of 

the TAG head by behavior of the Spacecraft IMU accelerations. The difficulty in a direct 

analytic estimate of penetration depth from the IMU is that once the Constant Force 

Spring (CFS) is engaged (at F=62N) the S/C and the TAG head will move (decelerate) 

independently - the CFS hides information from the IMUs. Below some analytic 

calculations are done for end-member cases to examine time of deceleration and the 

amount of penetration. Furthermore, a toy model was built to explore the range of 

possible outcomes with non-simple deceleration profiles, to seek strong correlations 

between different outcomes and to identify where supporting measurements can help this 

interpretation. Throughout we use simple numbers for S/C mass (MS/C=1500 kg), and 

Constant Force Spring force (FCFS=62 N), and always make calculations for vinit =10cm/s. 

 

End-Member Case: Very compliant (F_surface < 62N) 

If the force on the TAG head is always below 62N, the CFS will never engage. In this 

case the S/C and TAG act as a single rigid body decelerating from vinit =10cm/s to vfinal 

=0cm/s. For a constant Force from the surface (Fsurf), and ignoring other dynamics (Gas 

canisters firing etc.), simple ballistic equations can relate the time of deceleration and the 

distance required until the velocity is zero: 

a = Fsurf/MS/C 

the time to decelerate, 

t=(vinit-vfinal)/a  =  (vinit-vfinal)* MS/C/ Fsurf 

and the distance over which this happens is, 

s= (vinit-vfinal)*t – 0.5*a*t2 =  0.5*v2/a 

 

In Figure 1. below the plotted time and distances for forces less than 62N show 

penetration depths ranging from 12.5 cm to over 1 meter in times from 2.5 sec to 100’s of 

seconds. The nominal test case of MS/C =1500 kg, vinit =10 cm/s, and a deceleration just 

below the limits of the CFS, Fsurf=60 N, the penetration depth is 12.5 cm in 2.5 sec. 
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Figure 1: The simple deceleration of a rigid S/C system (no CFS compression) for the cases where the 
force from the surface of Bennu is always below 62N. 

 

 

End-Member Case: Perfectly hard surface (Fsurf >> 62N) 

If the spacecraft hits a perfectly hard surface, the CFS is engaged immediately and the 

S/C deceleration is entirely managed by the Force provided by the CFS. Similarly simple 

equations again control this behavior (NOTE – here the decelerating mass is only the 

mass of the S/C, minus the mass of the TAG head, which is less than 1% and ignored in 

this end-member example): 

a = FCFS/Mtot = 62 N/1500 kg = 4.13 cm/s2 

the time to decelerate, 

t=(vinit-vfinal)/a  =  (vinit-vfinal)* Mtot/ FCFS = 0.1 (m/s) * 1500 kg / 62 N = 2.42 sec 

and the distance over which this happens is, 

s= (vinit-vfinal)*t – 0.5*a*t2 =  0.5*v2/a = 0.5*(0.1 m/s)2/(62 N/1500 kg)=12.1 cm 

 

Here there is no plot to show. The time, 2.42 sec, and amount of compression, 12.1 cm, 

for S/C deceleration is determined strictly by the CFS, and is a simple calculation based 

on masses and initial velocities. There is no TAG head penetration. 

What happens at Fsurf slightly above Fcfs – include COM movement 

aTAG =  

aTAG = (FSURF -FCFS)/MTAG +FCFS/MS/C = [MS/C(FSURF -FCFS) + MTAG FCFS]/( MTAG MS/C) 

t=(vinit-vfinal)(MTAG MS/C)/ [MS/C(FSURF-FCFS) + MTAG FCFS] 

s=0.5(vinit-vfinal)
2(MTAG MS/C)/ [MS/C(FSURF-FCFS) + MTAG FCFS] 

At Fsurf -> 62 this is smooth with the above? 

s_cfs =  

 

a_com = Mtot/Fsurf  or Ms/c / Fcfs 

a_s/c = (Ms/c / Fcfs  )    for  Fsurf >> Fcfs 

a_s/c = (Mtot / Fsurf )    for  Fsurf  <  FCFS 

a_s/c =  



 
 
 

19 

 

 

S/C IMU telemetry readings: Constant Force above 62N 

Even if the surface decelerates the S/C+TAG at a constant rate that is above the a=4.13 

cm/s2 limit (the limit for FCFS=62N and MS/C=1500 kg ), the accelerations that will 

register on the IMUs will be a constant force and go directly from 0 (freefall) to the 62N 

CFS-limited deceleration of a=4.13 cm/s2 . For Figure 1 above, the measured 

deceleration by the S/C IMU (z direction) would be the Fsurf. 

 

 

 

 

Cases where penetration ~ CFS compression: Between perfectly hard or soft. 

In cases where there is some penetration of the TAG head, but with a force that initially 

or eventually exceeds that of the CFS’s 62N, the dynamics is more complex. This is 

essentially a case where we can consider the S/C and the TAG head as almost 

independently decelerating once the CFS begins compressing. Walsh has built a toy 

model to solve the deceleration equations, splitting the problem from S/C+TAG for 

F<62N, and separating their behavior when F>62N, and Scheeres has also worked out 

analytic calculations, and much of this should be captured in the in-progress numerical 

modeling. 

 

The math of this situation is not simple, and while the evolution of S/C and TAG can be 

separated, complications such as the TAG head decelerating much before the S/C make 

this at times complicated. Even after separating the evolution of S/C and TAG, the 

system center of mass will decelerate in a manner determined by the Force provided by 

the surface of Bennu, and can be tracked separately from the S/C and TAG.  

 

 

 

Toy Model Tests: 

Some end member cases are explored in Figure 2 below, showing the relationship 

between penetration depth, spring compression and IMU readings. Case 3 (red) is an 

endmember case with no deceleration – literally perfectly compliant surface, hence 0 

acceleration reading and constant penentration at 10cm/s. Case 1 provides a constant 

deceleration of 0.1 m/s2 which leads to an immediate compression of the CFS and a IMU 

reading that shows the CFS decelerating the spacecraft (constant at a=4.13 cm/s2). 

Meanwhile the TAG head penetrates 5 cm in 1 sec, and the CFS compressed 7.1 cm. 

Case 3 has a constant deceleration of 1 m/s2 which leads to 0.5 cm penetration in 0.1 sec 

and 11.6 cm compression of the CFS. 
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Figure 2: Here we see the modeled S/C IMU outputs (bottom) and the (top) penetration depths and 
spring compression amounts for a number of different simulated deceleration profiles. Case 3 (red) is an 
end member case with no deceleration – literally perfectly compliant surface, hence 0 acceleration 
reading and constant penetration at 10cm/s. Case 1 provides a constant deceleration of 0.1 m/s2 which 
leads to an immediate compression of the CFS and a IMU reading that shows the CFS decelerating the 
spacecraft (constant at a=4.13 cm/s2). Meanwhile the TAG head penetrates 5 cm in 1 sec, and the CFS 
compressed 7.1 cm. Case 3 has a constant deceleration of 1 m/s2 which leads to 0.5 cm penetration in 0.1 
sec and 11.6 cm compression of the CFS. 

 

Non-Simple Deceleration Profiles: 

A realistic deceleration profile is something under active research from a handful of 

numerical modeling groups (see Appendix C for a discussion of ongoing numerical 

research efforts). To expand the end-member case displayed above, here we envision that 

the deceleration profile is a function of the depth of the TAG head, or a function of the 

time since contact. While these are not (yet) physically motivated, profiles that employ 

profiles that are not constant, give rise to more diagnostic IMU profiles. In Figure 3, 

Cases 2 & 9 have depth dependent deceleration, of 0.5 and 50 m/s2 deceleration per 1cm 

of penetration. Cases 7 & 9 have time dependent deceleration profiles of 0.5 and 5.0 m/s2 

deceleration per 1 sec of interaction. The bottom panel shows the deceleration as 

measured on the S/C, and the top panel shows the depth of penetration (solid lines) and 

the compression of the CFS (dotted) for each case. For the lease penetration (Case 9, 

magenta, 1.3 cm) the CFS compresses 10.8 cm and the IMU reading goes from 0 to 62N 

in 0.01 sec (only two outputs of the 200Hz IMU). 
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Case 2 14.1 2.1 2.21 0.885 2.85 1.965 

Case 7 6.3 7.7 0.845 0.29 2.615 2.325 

Case 8 2.9 9.8 0.395 0.095 2.485 2.39 

Case 9 1.3 10.8 0.225 0.01 2.425 2.415 

 

 
Figure 3: Here a range of deceleration profiles are explored, where a range of penetration depths are 
found.  Cases 2 & 9 have depth dependent deceleration, of 0.5 and 50 m/s2 deceleration per 1cm of 
penetration. Cases 7 & 9 have time dependent deceleration profiles of 0.5 and 5.0 m/s2 deceleration per 
1 sec of interaction. The bottom panel shows the deceleration as measured on the S/C, and the top panel 
shows the depth of penetration (solid lines) and the compression of the CFS (dotted) for each case. For 
the lease penetration (Case 9, magenta, 1.3 cm) the CFS compresses 10.8 cm and the IMU reading goes 
from 0 to 62N in 0.01 sec (only two outputs of the 200Hz IMU). 
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APPENDIX D: Determining Constant Force Spring Compression  
 

Appendix C discussed the relationship between the penetration depth of the TAG head 

and the compression of the CFS. Here we examine other possible data that may provide 

constraints on the amount that the CFS has compressed. We identify four possible means 

to constrain this value, though all four require more investigation to understand the limits 

of the method. 

 

Indent Switch: The indicator that the CFS has been compressed is an indent switch, 

which first indicates ~2 cm of compression. The switch will then indicate ~10 cm of 

additional compression, and then ~2 cm beyond that. This pattern continues for another 

cycle, thus producing indications of compression in the ranges of 0-2 cm, 2-12 cm, 12-14 

cm, 14-24 cm, 24-26 cm and 26-30 cm (as per email from Dave Everett 10/7/14 quoted 

below – see clarification from Ben Clark also). 

 

“the approximate pattern: 

   - 2cm of travel before initial state change of microswitches to "contact" 

   - 10cm of additional travel before state change back to initial position to "no-contact" 

   - 2cm of additional travel before state change back to "contact" 

   - 10cm of additional travel before state change back to "no-contact" 

   - 2 cm of additional travel before state change back to "contact" 

   - 4 cm of travel before hardstop (no state change)  

“  - email of Dave Everett on 10/7/14 

 

Ben Clark suggests that the second measurement comes at 13 cm of travel, but that this 

will be calibrated with flight equipment. 

 
“The switch does not have a formal name (part # NFP30661400-501, for both).  

Informally, it is known as the “Pogo Switch.”  As Dave points out, there are two identical 

switches because these are mechanical and have recognized failure modes. 

  

The lever arm of the microswitch device rests in a detent on a cam.  The only intended function of 

the switch is to detect retraction of the pogo due to contact with the surface of Bennu.  It is not 

meant to be a gauge readout.  Nominally, the switch is expected to change state at some point 

within the first 2 cm of contraction.  This distance depends on the details of the internal trip point 

of the switch.  Once out of the detent, it will not encounter the detent again for approximately 13 

cm of travel.  The distance over which the new switch state exists at the detent may be as short as 

1.5 cm. 

 

It is not possible from the design to determine these numbers exactly.  However, during 

calibration of the arm for force versus distance travelled, this information could be obtained.” –

email from Ben Clark, 10/14/14 

 

 

Lidar ranging: TBD. What accuracy can Lidar determine Range from the Asteroid? 

How will it respond to a plume or other obscuration? Is this a viable way to determine 

CFS compression/penetration? Can Lidar Range estimates and/or point cloud assist in 

determing CFS compression via accurate S/C-Bennu range estimates? 
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SamCam imaging to estimate TAG range: SamCam will be imaging the TAG head at 

0.6 Hz during the TAG-event. Beyond the potential for before/after imaging of the TAG 

site, SamCam images could possibly be used to estimate the total compression of the 

Constant Force Spring by monitoring the change in distance to the TAG head by way of 

its changing angular size and thus the change in the number of pixels that it spans. Both 

of these are at risk of being compromised due to confusion/obscuration from lofted dust. 

 

Here is a (preliminary) plot of the number of pixels spanned by a 30cm object from 

ranges on order 2 meters (derived using Beth Clark’s formulation in the Footprint.xls 

retrieved from the Wiki). The relationship is simply: 

Resolution (m/pixel) = (Range/1m)*2*1.9e-4  ; [1.9e-4 = tan(0.38mrad/2000)] 

 

For scale, a 30cm object would cover 394 pixels from 2m and 404 pixels from 1.95m. If 

very accurate differences in the size of the TAG head can be measured (accuracy within a 

pixel), then cm-scale changes in distance could be possible: a range difference of 1 cm 

from 2 meters changes the size of a 30cm by approximately 2 pixels (394.737 at 2 meters, 

396.72 at 1.99 meters). 

 

 
 

 

Force/Deceleration profile of the CFS: The CFS spring will be calibrated pre-flight 

where the profile of its force as a function of distance will be measured. Any measured 

and reliable deviations from “constant” force could possibly provide indications of the 

total amount of spring compression based on the deceleration profile measured by the 

IMUs. For example, a clear spike in CFS force at 6 cm compression would be a valuable 

benchmark compression distance, and an indication that is between the otherwise distant 

2 or 12 cm compressions indicated by the indent switch. Beyond the uncertainties of CFS 

behavior after launch and many years of flight, there may simply not be measureable 

variations as a function of compression amount. More work on this possible resource will 

be re-visited after the calibration of the flight hardware Constant Force Spring. 
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APPENDIX E: TAGSAM Characterization 
 

Ben Clark STM5 talk summarizes the TAGSAM Capabilities Assessment plan. The 

refinement of the TAGSAM head is complete. The simulating environments in the plan 

include a range of gravity, pressure and particle density with tests planned for both 

Vacuum and reduced gravity environments. The regolith property parameter space is 

vast, including: Particle density, size and shape; Cohesiveness and compressive strength; 

Terrain tilt, tall or wide rocks, stratigraphy or buried obstacles. 

It is planned to have at least one operational TAGSAM Head on the ground, ready to do 

additional tests if the asteroid gives evidence of surface properties that we have not 

previously tested, based on data obtained during the orbital and reconnaissance 

observations.  If additional information obtained during an unsuccessful TAG 

demonstrates that there are regolith properties we still had not investigated, such a test 

system would be utilized.   

However, the turn-around time to cycle the vacuum system, measure the amount of 

material collected, and configure new test bed parameters is such that only a few tests 

could be made in a 24-hr period.  With a 1-week turnaround for diagnosing whether we 

have successfully obtained adequate sample material based on all the data available, it is 

the goal of the TAGSAM test system to be able to contribute information on this 

timescale.  In addition to sampling tests, the spacecraft engineering team will be 

analyzing all data in depth to understand if there were any anomalies in execution of the 

TAG. 

TBD: Summarize here the relationships between sampling success and both the 

measureable surface properties (Sampleability), and also the other possibly derived TAG 

event properties such as penetration depth, TAG Head geometry and the TAG Head force 

profile. 

APPENDIX F: Firing of the Gas – Gas Effects 
 

The firing of the gas is scheduled for ~1sec after the S/C detects contact with the Bennu 

(via S/C accelerometers, or CFS compression). The effects of the gas on the surface 

 

A few to 10 m/s velocities of material scattered by gas flow is expected, and similar 

values were seen in low-G tests. Ejecta velocity is dependent on the depth of subsurface 

fine particle layer. Maximum backscatter velocities are found just at the edge of the TAG 

head (8 m/s in some tests – higher velocities are directed into the TAG head), with a near 

linear dropoff in velocities out to ~70cm from the centerline (see slide 52 from “S2 02 

Regolith Backscatter Science Special Study Final R_CCv00001.pptx from STM 6 in 

Tucson).  
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A: Further work to link possible ejected material with global distribution of backscatter 

and with possible observed backscatter during TAG. 

APPENDIX G: Thruster Plume Surface Effects During Rehearsal 
 

We have received the estimates pressure profiles of the Thruster Plumes on the surface of 

Bennu during TAG Backaway and Rehearsal Return-to-Orbit burn (altitude 25m). The 

calculations include impingement pressure and shear profiles due to the thruster plumes. 

The pressure during the Rehearsal burn is on order a few 10-2 N and the maximum shear 

force is of similar magnitude and a factor of two less. 

 

Calculating the possible observable surface affects due to the Rehearsal burn is work in 

progress. It is possible that some surface properties could be constrained by observing the 

affects of the Thurster Plume interacting with the surface of Bennu. This information 

could both be ingested by the Sampleability and Safety Maps, and it could also help to 

inform the TAG Reconstruct efforts well before TAG. 

 

TBD: Phil Metzger has been sending pertinent literature and the surface profiles have 

been sent to Regolith expert and Co-I John Marshall. 

APPENDIX H: Atlas of Model Outcomes – S/C Asteroid Interaction 
 

Not included in the list of ingested Data Products is the proposed “Atlas” of numerical 

modeling outcomes. Current efforts are developing tools to model the S/C interaction 

with the surface of Bennu with particular focus on how changing surface properties 

affects the S/C telemetry outcome. While these tools are being built in Phase C/D/E, the 

short timeframe of the First Assessment does not leave significant time for utilizing to 

model significant new parameter sets post-TAG. Rather, they will be used to produce this 

“Atlas” of modeling outcomes that can be used as a reference during this short window of 

time. Thus, in many ways, an “Atlas” of numerical modeling results is a product, or 

dataset, in the hands of the TAG Reconstruct team during this entire First Assessment. 

 

We expect that the Numerical Modeling will help to modify the Sampling Success 

Algorithm, assist in interpreting IMU and telemetry data, assess the compression of the 

CFS and help to define bulk regimes of TAG+CFS+S/C behavior during TAG. This 

efforts are already informing the work in APPENDIX C. 

 

Three separate groups are currently funded to extend the modeling capabilities of the 

Spacecraft-regolith interaction. One is characterizing analog and end-member material 

physical properties and generating continuum models of TAG penetration, and two other 

groups are extending their numerical modeling of the TAG interaction with granular 

materials. 
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Keith Holsapple will be making a number of measurements on a series of analog 

materials in his lab to serve as calibrations for his numerical continuum models and the 

granular mechanics modelers. There are two groups studying granular mechanics with 

discrete element codes - Sanchez/Scheeres at CU and Michel/Ballouz/Richardson at 

Maryland. These latter groups will be focusing on improving their models of 

the  spacecraft behavior (POGO Spring, 6 degrees of freedom) while interacting with the 

regolith and will include simulated telemetry outputs from the spacecraft (IMU in all 6 

degrees of freedom). These studies will hopefully help us prepare a strategy to use the 

IMU data effectively, or at least constrain which regions of parameter space it will or 

won't be a viable tool. Much of this work will be finalized in late 2015. 

 

The January 15 Milestone has been received from Ballouz – showing the inclusion of a 

62N Constant Force Spring in their models. They demonstrated the results for 3 widely 

varying cases of surface compliance (yellow is very compliant, over 15 cm of 

penentration; magenta is moderate with  ~5cm penetration, and cyan is a hard surface 

allowing only ~1cm of penetration). The relationship between the CFS compression 

(dotted) and the penetration depth (solid), is very similar to the simple model results in 

Appendix C. 
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APPENDIX I: Regimes of Penetration Measured by POGO Switch 
 

We seek to build a lookup table of simple measureable parameters relation to bulk 

regimes of TAG+CFS+S/C behavior and any known correlation with sampling success. 

 

CFS switch ranges, penetration depth and nominal amounts of material mobilized: 

 

CFS 

compression 

range as 

measured by 

the indent 

switch 

Nominal range 

of TAG 

penetration 

(for 12.2 cm 

conserved) 

Volume 

mobilized 

(depth * 

10.5*10.5*3.14) 

Mass 

mobilized 

(assuming 1 g 

cm3 and 50% 

porosity) 

 

0-2 cm 10.2 - 12.2 cm ~3570-4270 cm3 ~1785 – 2135 g  

2-12 cm 0.2 – 10.2 cm ~70 – 3570 cm3 ~35 – 1785 g  

12-14 cm 0.0 – 0.2 cm ~0 - 70 cm3 ~0 – 35 g  

14-24 cm -- -- --  

 

 

TBD: Continue expand this table with the expected modeled amounts of penetration, to 

provide lookup tables of expected material mobilization, and eventually sampling success 

for different regimes of CFS (and IMU) behavior. 

APPENDIX J: Further Information on TAG Imaging Campaign 
 

“SamCam is a 22˚-FOV camera that documents the sample acquisition event from a 

range of 3-30 m.  It uses the same detector as the other 2 imagers and is also equipped 

with a filter wheel, this one contain 3 identical panchromatic filters that allow backup 

imaging if one or more pans get contaminated by the sampling event.  It also contains a 

diopter, similar to that mounted within the MapCam's filter wheel, that allows it to 

refocus at a range of 2 m, rather than 3, in order to achieve higher-resolution imaging of 

the TAGSAM head after the sampling event. SamCam is capable of providing wide-

angle OpNav although there are no current requirements for this function.” 

 

From AA_SampleAcquisition and Verification Science Report: 

“All OCAMS images taken during the TAG Rehearsals, TAG event and TAGSAM 

check prior to stowing the head will be processed through flat fielding, cosmetic 

correction, geometric and radiometric correction.   

From each of the TAG rehearsals the MapCam and SamCam images will be 

mosaicked to produce maps of the asteroid surface at the sample site. Previously 

identified features > 5-cm will be masked out on the TAG rehearsal maps using maps 

of the sample site created during the Orbital B and the Reconnaissance phases of the 

mission.  The TAG rehearsal maps will be visually inspected and areas on the maps 

that contain unresolved material will be marked and cataloged using an interactive 
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display tool.  Areas on the maps that contain resolved material < 5-cm in diameter 

will be identified and cataloged.  A subset of the areas containing resolved < 5-cm 

material will be analyzed by counting and cataloging the pebbles and grains in theses 

area and calculating a size-frequency distribution for these areas.  We will compare 

the size frequency-distributions and the TAG rehearsal maps with the size frequency-

distributions and the local maps from the Orbital B and Reconnaissance imaging 

campaigns to test whether our analyses of the surface composition and estimates of 

regolith size are accurate.  In particular we wish to ensure that there is not a sudden 

drop-off in regolith materials that are 2-cm or less in size and to also get an idea of 

the shapes of material components, i.e. are the pebbles and grains round or 

symmetrical in shape? Is some portion of the material oblong? Are there irregularly 

shaped pieces of material?  This information will be used in assessing probability of 

sampling success and will assist in assessing likelihood that sample was collected. 

All SamCam images taken during the TAG event will be co-registered 

photometrically corrected and then sequenced to create a movie that will document 

the sample collection.   

SamCam images just prior to sample collection and just after sample collection will 

be compared and measurements of the disturbed surface of RQ36 will be made to 

determine an estimate of the volume of the collected sample.” –  

“Calibrated images taken for each TAG rehearsal, the TAG event and the TAGSAM 

head checks as well as image mosaics from the TAG rehearsals will be available 

within 1 day of acquiring the data.  

Size frequency-distribution analyses (boulders, cobbles, pebbles, and grains) of 

selected areas of the TAG rehearsal image mosaics will be available 1 week after 

each TAG rehearsal.   

The movie documenting the TAG event during sample collection will be available 

within 1 week of the TAG event.   

The estimate of the size of the collected surface sample and a check for obstructions 

on the TAGSAM head that would prevent the SRC from closing will be available 

within 2 days of the TAG event.  “ 

OCAMs TAG imaging campaign summary: 

Camera Number of images Starting Ending 

SamCam 21 images (1/10sec) 26 meters 5 meters 

 36 (3 every 5 sec) 5 meters TAG+5sec 

 18 images (1/10sec) TAG+5sec TAG+3min 

    

MapCam 24 images (3/5sec) After Matchpoint  

    

OTES 34 min data at 0.5Hz Sample Attitude TAG+3min 

OVIRS 34 min data at 1Hz Sample Attitude TAG+3min 
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Global Science Value Chemical Composition Map 

Data Product Overview 

    One sentence executive description of product 

        The Global Science Value Chemical Composition Map (GSVCCM) will rank the science 

value on the global surface of Bennu down to 1 m resolution according to their chemical 

composition, with emphasis on the nature and abundances of organic matter.  

Overview 

    Following from Level 1.10* and MRD-140**, we create the following 4 sub- Science Value 

Maps, in order of importance to the mission:  

        1) Global Science Value Chemical Composition Map (GSVCCM)  

        2) Global Science Value Mineralogy Map (GSVMM)  

        3) Global Science Value Geological Feature Map (GSVGFM)  

        4) Global Science Value Temperature Map (GSVTM)   

    These are the input data products for the Integrated Global Science Value Map that help 

identifying the over-all scientifically ideal sample sites.  The GSVCCM is rated as the variable 

with the highest science value among these four sub science value maps. 

    The GSVCCM is derived from OVIRS and OTES data taken on the surface of Bennu during 

the Survey and Orbital A phases. The primary variables that we have identified for this 

GSVCCM are: (1) the detection and abundance of organics and volatiles, (2) the organic/silicate 

ratio, if it can be measured (TBD), and (3) the CH2/CH3, if aliphatic stretching features are 

detected, and is a method for measuring the length of the CH2 in aliphatic hydrocarbons, thus the 

lower the CH2/CH3, the more primitive the material. A key phrase for data needed to produce 

the GSVCCM is ‘if detected’. Although we have weighted this map as the highest science value 

(see Figure below), it is also one where the potential is very real that we may not have abundant 

data to feed into the final map product.  

    *Level1.10: Resolve key mineralogical and organic features with spectral absorptions ≥5% to 

detect the following species: adsorbed water, phyllosilicates, carbonates, sulfates, silicates, 

oxides, and hydrocarbons, and determine mineral, organic, and phase abundances on the surface 

of Bennu, at a global spatial resolution of 50 m or better. 

    **MRD-140 2.10.1: For ≥80% of the asteroid surface, map those spectral features listed in 

MRD-140 Table (Absorption Features of Key Mineralogical & Organic Molecules) with ≥ 5% 

absorption depth at ≤50 m spatial resolution)  MRD-140 



 

Data type (image, spectrum, data table, map format etc.) 

Map  

What does it measure at what scale 

The GSVCCM measures the scientific desirability according to their chemical composition, with 

emphasis on the nature and abundances of organic matter of specific locations to be ranked as 

candidate sites for sample collection in sub-cm scale. 

What MRD does this data product satisfy or contribute to satisfying?  

MRD-114  

What observations are required to provide the input data needed to make the data product? 

Photometrically corrected OCAMS images, photometrically corrected OVIRS and OTES data, 

photometrically corrected OTES data, corrected radio science data. 

When in the DRM are the observations that make the data product scheduled to be taken? 

As soon as the last input data product completed during the Orbital A Phase before the 

downselection to up to 12 sites starts. 

How long does it take to produce the data product? 



Once the input maps are available, it should take approximately 2 days to 2 weeks go produce 

the GSVCCM. 

Is this product used of sample site selection, science value, or long-term science? 

The GSVCCM is one of the 4 sub maps to be fed into the Integrated Global Science Value Map 

for sample site selection, and should be valuable for long term science.  

Data Product Structure and Organization 

What is the structure of the data product (e.g. FITS file with 4 extensions) 

FITS Map file  

How is the product organized (e.g. one data set per mission phase, one file per Earth Day, etc. ) 

One map for the first down selection  

Data Format Descriptions 

Header information (metadata) included with data product. For example:  

Standard OSIRIS-REx format.  

Detailed Description of data format. For example:  

Standard OSIRIS-REx format.  

Data Product Generation 

How and by whom is the product generated? 

Assign liaisons from SSSWG for the GSVCCM TBD (Danny Glavin)  

What are the input products needed to produce the product?  

Global mineral and chemical maps  

Are there format expectations for the input products?  

All input data should be co-registered map-projections, with the highest resolution maps 

degraded to the lowest resolution data set.  

What algorithms and/or calibration data is used to generate products?  

See algorithm description.  

Are there format expectations for the inputs?  

Not applicable.  

Has a specific Science Team Member been assigned to produce this product?  

Assign liaisons from SSSWG for the GSVCCM TBD (Danny Glavin)  

Will multiple versions of the product be generated? 

No, only one version of the map will be generated for the first down selection.  

 



Data Product Validation 

How will the product be vetted to ensure contents and format are correct? 

By consensus within the Science Team.  

Data Flow 

A graphical flow diagram below represents conceptually representing the production of the 

GSVCCM (orange). 

 

 

 
    Update Data flow diagrams with more detailed based on current processing configuration. 

    Describe the sources, destinations, and transfer procedures for data products.  

        Standard OSIRIS-REX protocol.  

Standards used to generate data product 

    Time (e.g. times are all converted to UTC) 

    Standard OSIRIS-REx time. 

    Coordinate System 

    Standard OSIRIS-Rex coordinate system. 

    Data Storage Conventions (i.e. byte order, compression, machine dependence) 

    Standard OSIRIS-REx storage convention. 

https://sciwik.lpl.arizona.edu/wiki/pages/38w0j9v/Global_Science_Value_Chemical_Composition_Map.html
https://sciwik.lpl.arizona.edu/wiki/pages/38w0j9v/Global_Science_Value_Chemical_Composition_Map.html


Global Science Value Geologic Feature Map 

 Back to MRD-114 

Back to Integrated Global Science Value Map (MRD-114) 

Back to Data Product Description 

Data Product Overview 

    One sentence executive description of product 

        The Global Science Value Geological Feature Map (GSVGFM) will rank the science value 

of candidate sampling locations on the global surface of Bennu down to 1 m resolution according 

to their geological features, as a proxy of the surface freshness.  

Overview 

    Following from Level 1.10* and MRD-140**, we create the following 4 sub- Science Value 

Maps, in order of importance to the mission: 

        1) Global Science Value Chemical Composition Map (GSVCCM)  

        2) Global Science Value Mineralogy Map (GSVMM)  

        3) Global Science Value Geological Feature Map (GSVGFM)  

        4) Global Science Value Temperature Map (GSVTM)   

    These are the input data products for the Integrated Global Science Value Map that help 

identifying the overall scientifically ideal sample sites.  The GSVGFM is rated as the variable 

with the third highest science value amongst these four sub science value maps. 

    The GSVGFM is essentially a proxy for potential freshness of the surface of Bennu. It is a 

science priority that, if possible, we collect the freshest material that we can find. This category 

is further divided into 5 subcategories, the first being Plume Activity. We are interested in being 

about to discern the differences between active, recent, and Paleo. Even through Safety may 

demand that we do not approach any active plumes, it is still the highest science priority 

followed closely by evidence of recent activities. Space weathering is the next in the pecking 

order of importance for Geological features and is subdivided into less than the global average 

and more than the global average. Mixed PSFD is judged to be ideal: fine grained (if primitive) + 

CAI, chondrules, other chondritic components. We will not have any information about grain 

size in sub-cm scale even from highest resolution imaging for Global.  However Global Thermal 

Inertia provides information about PSFD. We target thermal inertia in ~hundreds of SI units, 

compare with bedrock (1800-2000) and lunar materials (a few tens).  TAWG is producing 

Thermal Inertia maps, therefore no new data product request is required  for this data input. 

Brittle deformation features are next followed by Craters, which is divided into recent and paleo-

craters, with recent potentially offering the freshest excavation of regolith. The data for the map 



components that feed into SVGFM are feed directly from the RDWG, APWG, and TAWG to the 

SPOC and the SSSWG obtains the needed information from the SPOC. 

    *Level1.10: Resolve key mineralogical and organic features with spectral absorptions ≥5% to 

detect the following species: adsorbed water, phyllosilicates, carbonates, sulfates, silicates, 

oxides, and hydrocarbons, and determine mineral, organic, and phase abundances on the surface 

of Bennu, at a global spatial resolution of 50 m or better. 

    **MRD-140 2.10.1: For ≥80% of the asteroid surface, map those spectral features listed in 

MRD-140 Table (Absorption Features of Key Mineralogical & Organic Molecules) with ≥ 5% 

absorption depth at ≤50 m spatial resolution). MRD-140 

 

    Data type (image, spectrum, data table, map format etc.) 

        Map  

    What does it measure at what scale 

 



        The GSVGFM measures the scientific desirability according to their geological features (as 

a proxy of the surface freshness) of specific locations to be ranked as candidate sites for sample 

collection in sub-cm scale.  

    What MRD does this data product satisfy or contribute to satisfying? 

        MRD-114  

    What observations are required to provide the input data needed to make the data product? 

        Photometrically corrected OCAMS images, photometrically corrected OVIRS and OTES 

data, photometrically corrected OTES data, corrected radio science data. 

    When in the DRM are the observations that make the data product scheduled to be taken? 

        As soon as the last input data product completed during the Orbital A Phase before the 

downselection to up to 12 sites starts. 

    How long does it take to produce the data product? 

        Once the input maps are available, it should take approximately 2 days to 2 weeks go 

produce the GSVGFM. 

    Is this product used of sample site selection, science value, or long-term science? 

        The GSVGFM is one of the 4 sub maps to be fed into the Integrated Global Science Value 

Map for sample site selection, and should be valuable for long term science.  

Data Product Structure and Organization 

    What is the structure of the data product (e.g. FITS file with 4 extensions) 

        FITS Map file  

    How is the product organized (e.g. one data set per mission phase, one file per Earth Day, etc.) 

        One map for the first down selection  

Data Format Descriptions 

    Header information (metadata) included with data product. For example:  

        Standard OSIRIS-REx format.  

    Detailed Description of data format. For example:  

        Standard OSIRIS-REx format.  

Data Product Generation 

    How and by whom is the product generated? 

        TBD  



        What are the input products needed to produce the product? 

            Global Dust and Gas Plume Geology Map   

            Global Space-weathering Map   

            Global Thermal Inertia Map   

            Global Linear Features Geology Map   

            Global Crater Geology Map  

        Are there format expectations for the input products? 

                All input data should be co-registered map-projections, with the highest resolution 

maps degraded to the lowest resolution data set.  

        What algorithms and/or calibration data is used to generate products?  

            See description on algorithm section of Wiki.  

        Are there format expectations for the inputs?  

            Does not apply.  

        Has a specific Science Team Member been assigned to produce this product? 

            TBD  

        Will multiple versions of the product be generated? 

            No, only one version of the map will be generated for the first down selection.  

Data Product Validation 

    How will the product be vetted to ensure contents and format are correct? 

        By consensus within the Science Team. 



Global Science Value Mineralogy Map 

Data Product Overview 

    One sentence executive description of product 

        The Global Science Value Mineralogy Map (GSVMM) will rank the science value of 

candidate sampling locations on the global surface of Bennu according to their mineralogy and 

mineralogical diversity. 

Overview 

    Following from Level 1.10* and MRD-140**, we create the following 4 sub- Science Value 

Maps, in order of importance to the mission:  

        1) Global Science Value Chemical Composition Map (GSVCCM)  

        2) Global Science Value Mineralogy Map (GSVMM)  

        3) Global Science Value Geological Feature Map (GSVGFM)  

        4) Global Science Value Temperature Map (GSVTM)   

    These are the input data products for the Integrated Global Science Value Map that help 

identifying the over-all scientifically ideal sample sites.  The GSVCCM is rated as the variable 

with the second highest science value among these four sub science value maps. 

    The GSVMM is derived from data received from OVIRS and OTES. This is further 

subdivided into Mineralogy and Crystal/Amorphous ratio. For the former, we have listed in 

priority established within the mission the mineral species from most important, phyllosilicates, 

to a new category, unknown spectra. It is also possible that we may be able to obtain some feel 

for the abundance of amorphous material relative to that of crystalline phases. We have future 

divided this category to reference the abundance to UOC, CR3.0, and IDPs as a mean of helping 

to guide our decisions from the IGSVM. 

    *Level1.10: Resolve key mineralogical and organic features with spectral absorptions ≥5% to 

detect the following species: adsorbed water, phyllosilicates, carbonates, sulfates, silicates, 

oxides, and hydrocarbons, and determine mineral, organic, and phase abundances on the surface 

of Bennu, at a global spatial resolution of 50 m or better. 

    **MRD-140 2.10.1: For ≥80% of the asteroid surface, map those spectral features listed in 

MRD-140 Table (Absorption Features of Key Mineralogical & Organic Molecules) with ≥ 5% 

absorption depth at ≤50 m spatial resolution).  MRD-140 

 



 

    Data type (image, spectrum, data table, map format etc.) 

        Map  

    What does it measure at what scale 

        The GSVMM measures the scientific desirability according to their mineralogy and the 

mineralogical diversity of specific locations to be ranked as candidate sites for sample collection 

in sub-cm scale. 

    What MRD does this data product satisfy or contribute to satisfying? 

        MRD-114  

    What observations are required to provide the input data needed to make the data product? 

        Photometrically corrected OCAMS images, photometrically corrected OVIRS and OTES 

data, photometrically corrected OTES data, corrected radio science data. 

    When in the DRM are the observations that make the data product scheduled to be taken? 



        As soon as the last input data product completed during the Orbital A Phase before the 

downselection to up to 12 sites starts. 

    How long does it take to produce the data product? 

        Once the input maps are available, it should take approximately 2 days to 2 weeks go 

produce the GSVMM. 

    Is this product used of sample site selection, science value, or long-term science? 

        The GSVMM is one of the 4 sub maps to be fed into the Integrated Global Science Value 

Map for sample site selection, and should be valuable for long term science.  

Data Product Structure and Organization 

    What is the structure of the data product (e.g. FITS file with 4 extensions) 

        FITS Map file  

    How is the product organized (e.g. one data set per mission phase, one file per Earth Day, etc.  

        One map for the first down selection  

Data Format Descriptions 

    Header information (metadata) included with data product. For example:  

        Standard OSIRIS-REx format.  

    Detailed Description of data format. For example:  

        Standard OSIRIS-REx format.  

Data Product Generation 

    How and by whom is the product generated 

        Lindsay Keller, Vicky Hamilton  

        What are the input products needed to produce the product?  

            Global mineral and chemical maps 

            Are there format expectations for the input products? 

                All input data should be co-registered map-projections, with the highest resolution 

maps degraded to the lowest resolution data set.  

        What algorithms and/or calibration data is used to generate products?  

            Described under algorithm description section of Wiki.  

        Are there format expectations for the inputs?  

            Not applicable.  



        Has a specific Science Team Member been assigned to produce this product? 

            Lindsay Keller, Vicky Hamilton  

        Will multiple versions of the product be generated? 

            No, only one version of the map will be generated for the first down selection. 



Global Science Value Temperature Map 

Data Product Overview 

    One sentence executive description of product 

        The Global Science Value Temperature Map (GSVTM) will rank the science value of 

candidate sampling locations on the global surface of Bennu according to their temperatures, for 

the preservation of the volatiles and organic matter down to 1 m resolution. 

Overview 

    Following from Level 1.10* and MRD-140**, we create the following 4 sub- Science Value 

Maps, in order of importance to the mission:  

        1) Global Science Value Chemical Composition Map (GSVCCM)  

        2) Global Science Value Mineralogy Map (GSVMM)  

        3) Global Science Value Geological Feature Map (GSVGFM)  

        4) Global Science Value Temperature Map (GSVTM)   

    These are the input data products for the Integrated Global Science Value Map that help 

identifying the overall scientifically ideal sample sites.  The GSVTM is rated as the variable with 

the fourth highest science value amongst these four sub science value maps. 

    The GSVTM will be defined by Global Temperature Map provided by data from OTES. We 

would like to identify the coldest locations where the volatiles and organic matters were best 

preserved among the surface of Bennu. We have subdivided temperature, and referenced it to a 

global average (which we may need to refine for just the daytime) to colder than global T, 

average global T, and hotter than global T average avoid the effect of the thermal inertia. (Josh 

wonders if we want to determine a reference relative to some temperature that folks think is 

relevant to decomposition of organics. TBD) 

    *Level1.10: Resolve key mineralogical and organic features with spectral absorptions ≥5% to 

detect the following species: adsorbed water, phyllosilicates, carbonates, sulfates, silicates, 

oxides, and hydrocarbons, and determine mineral, organic, and phase abundances on the surface 

of Bennu, at a global spatial resolution of 50 m or better. 

    **MRD-140 2.10.1: For ≥80% of the asteroid surface, map those spectral features listed in 

MRD-140 Table (Absorption Features of Key Mineralogical & Organic Molecules) with ≥ 5% 

absorption depth at ≤50 m spatial resolution). 

 



 

    Data type (image, spectrum, data table, map format etc.) 

        Map  

    What does it measure at what scale 

        The GSVTM measures the scientific desirability according to their surface temperature of 

specific locations to be ranked as candidate sites for sample collection in sub-cm scale. 

    What MRD does this data product satisfy or contribute to satisfying? 

        MRD-114  

    What observations are required to provide the input data needed to make the data product? 

        Photometrically corrected OCAMS images, photometrically corrected OVIRS and OTES 

data, photometrically corrected OTES data, corrected radio science data. 

    When in the DRM are the observations that make the data product scheduled to be taken? 



        As soon as the last input data product completed during the Orbital A Phase before the 

downselection to up to 12 sites starts. 

    How long does it take to produce the data product? 

        Once the input maps are available, it should take approximately 2 days to 2 weeks go 

produce the GSVTM. 

    Is this product used of sample site selection, science value, or long-term science? 

        The GSVTM is one of the 4 sub maps to be fed into the Integrated Global Science Value 

Map for sample site selection, and should be valuable for long term science.  

Data Product Structure and Organization 

    What is the structure of the data product (e.g. FITS file with 4 extensions) 

        FITS Map file  

    How is the product organized (e.g. one data set per mission phase, one file per Earth Day, etc.) 

        One map for the first down selection  

Data Format Descriptions 

    Header information (metadata) included with data product. For example: 

        Standard OSIRIS-REx format. 

    Detailed Description of data format. For example: 

        Standard OSIRIS-REx format. 

Data Product Generation 

    How and by whom is the product generated? 

        Josh Emery  

        What are the input products needed to produce the product 

            Global Temperature Map   

        Are there format expectations for the input products? 

                All input data should be co-registered map-projections, with the highest resolution 

maps degraded to the lowest resolution data set.  

        What algorithms and/or calibration data is used to generate products? 

            Are there format expectations for the inputs?  

        Has a specific Science Team Member been assigned to produce this product? 

            Josh Emery  



        Will multiple versions of the product be generated? 

            No, only one version of the map will be generated for the first down selection.  

Data Product Validation 

    How will the product be vetted to ensure contents and format are correct? 

        By consensus within the Science Team. 



Site-specific Science Value Chemical Composition Maps  

Data Product Overview 

    One sentence executive description of product 

        The Site-specific Science Value Chemical Composition Maps (SSSVCCM) will rank the 

overall science value of candidate sampling locations down to 5 to less than 2 cm in resolution 

according to their chemical composition, with emphasis on the nature and abundances of organic 

matter to help further down select the sampling site.  

Overview 

    Following from Level 1.10* and MRD-140**, we create the following 4 sub- Science Value 

Maps, in order of importance to the mission:  

        1) Site-specific Science Value Chemical Composition Maps (SSSVCCM)  

        2) Site-specific Science Value Mineralogy Maps (SSSVMM)  

        3) Site-specific Science Value Geological Feature Maps(SSSVGFM)  

        4) Site-specific Science Value Temperature Maps (SSSVTM)   

    These are the input data products for the Integrated Site-specific Science Value Map that help 

identifying the over-all scientifically ideal sample sites.  The SSSVCCM is rated as the variable 

with the highest science value among these four sub science value maps. 

    The SSSVCCM is derived from OVIRS and OTES data taken on the surface of Bennu during 

the Survey and Orbital A phases. The primary variables that we have identified for this 

SSSVCCM are: (1) the detection and abundance of organics and volatiles, (2) the organic/silicate 

ratio, if it can be measured (TBD), and (3) the CH2/CH3 ratio, if aliphatic stretching features are 

detected, and is a method for measuring the length of the CH2 in aliphatic hydrocarbons, thus the 

lower the CH2/CH3, the more primitive the material. A key phrase for data needed to produce 

the SSSVCCM is ‘if detected’. Although we have weighted this map as the highest science value 

(see Figure below), it is also one where the potential is very real that we may not have abundant 

data to feed into the final map product.  

    *Level1.10: Resolve key mineralogical and organic features with spectral absorptions ≥5% to 

detect the following species: adsorbed water, phyllosilicates, carbonates, sulfates, silicates, 

oxides, and hydrocarbons, and determine mineral, organic, and phase abundances on the surface 

of Bennu, at a global spatial resolution of 50 m or better. 

    **MRD-140 2.10.1: For ≥80% of the asteroid surface, map those spectral features listed in 

MRD-140 Table (Absorption Features of Key Mineralogical & Organic Molecules) with ≥ 5% 

absorption depth at ≤50 m spatial resolution) 

 



 

    Data type (image, spectrum, data table, map format etc.) 

        Map  

    What does it measure at what scale 

        The SSSVCCM measures the scientific desirability according to their chemical 

composition, with emphasis on the nature and abundances of organic matter of specific locations 

to be ranked as candidate sites for sample collection in sub-cm scale. 

    What MRD does this data product satisfy or contribute to satisfying? 

        MRD-114  

    What observations are required to provide the input data needed to make the data product? 

        Photometrically corrected OCAMS images, photometrically corrected OVIRS and OTES 

data, photometrically corrected OTES data, corrected radio science data. 

    When in the DRM are the observations that make the data product scheduled to be taken? 



        As soon as the last input data product completed during the Orbital B Phase before the 

second downselection  up to 4 sites starts.  Same for the final sample site selection during Recon 

Phase. 

    How long does it take to produce the data product? 

        Once the input maps are available, it should take approximately 2 days to 2 weeks go 

produce the SSSVCCM. 

    Is this product used of sample site selection, science value, or long-term science? 

        The SSSVCCM is one of the 4 sub maps to be fed into the Integrated Site-specific Science 

Value Map for further sample site selection, and should be valuable for long term science.  

Data Product Structure and Organization 

    What is the structure of the data product (e.g. FITS file with 4 extensions) 

        FITS Map file  

    How is the product organized (e.g. one data set per mission phase, one file per Earth Day, etc. 

) 

        We produce one SSSVCCM for each sample candidate site (up 12 sites from Orbital B, up 

to 4 sites from Recon). 

Data Format Descriptions 

    Header information (metadata) included with data product. For example: 

        Standard OSIRIS-REx format. 

    Detailed Description of data format. For example: 

       Standard OSIRIS-REx format. 

Data Product Generation 

    How and by whom is the product generated? 

        Assign liaisons from SSSWG for the SSSVCCM TBD (Danny Glavin) 

    What are the input products needed to produce the product? 

            Site-specific mineral and chemical maps  

            Are there format expectations for the input products? 

                All input data should be co-registered map-projections, with the highest resolution 

maps degraded to the lowest resolution data set.  

        What algorithms and/or calibration data is used to generate products? 

            See section on the Wiki for algorithm descriptions. 



        Are there format expectations for the inputs? 

            Does not apply. 

        Has a specific Science Team Member been assigned to produce this product? 

            Assign liaisons from SSSWG for the SSSVCCM TBD (Danny Glavin) 

        Will multiple versions of the product be generated? 

            No, only one version of the map will be generated for each candidate site.  

Data Product Validation 

    How will the product be vetted to ensure contents and format are correct? 

        By consensus within the Science Team. 



Site-specific Science Value Mineralogy Maps 

Data Product Overview 

    One sentence executive description of product 

        The Site-specific Science Value Mineralogy Map (SSSVMM) will rank the science value of 

candidate sampling locations down to a resolution between 5 cm and potentially less than 2 cm 

according to their mineralogy and mineralogical diversity to help further down select the 

sampling site. 

Overview 

    Following from Level 1.10* and MRD-140**, we create the following 4 sub- Science Value 

Maps, in order of importance to the mission:  

        1) Site-specific Science Value Chemical Composition Map (SSSVCCM)  

        2) Site-specific Science Value Mineralogy Map (SSSVMM)  

        3) Site-specific Science Value Geological Feature Map (SSSVGFM)  

        4) Site-specific Science Value Temperature Map (SSSVTM)   

    These are the input data products for the Integrated Global Science Value Map that help 

identifying the over-all scientifically ideal sample sites.  The SSSVCCM is rated as the variable 

with the second highest science value among these four sub science value maps. 

    The SSSVMM is derived from data received from OVIRS and OTES. This is further 

subdivided into Mineralogy and Crystal/Amorphous ratio. For the former, we have listed in 

priority established within the mission the mineral species from most important, phyllosilicates, 

to a new category, unknown spectra. It is also possible that we may be able to obtain some feel 

for the abundance of amorphous material relative to that of crystalline phases. We have future 

divided this category to reference the abundance to UOC, CR3.0, and IDPs as a mean of helping 

to guide our decisions from the ISSSVM. 

    *Level1.10: Resolve key mineralogical and organic features with spectral absorptions ≥5% to 

detect the following species: adsorbed water, phyllosilicates, carbonates, sulfates, silicates, 

oxides, and hydrocarbons, and determine mineral, organic, and phase abundances on the surface 

of Bennu, at a global spatial resolution of 50 m or better. 

    **MRD-140 2.10.1: For ≥80% of the asteroid surface, map those spectral features listed in 

MRD-140 Table (Absorption Features of Key Mineralogical & Organic Molecules) with ≥ 5% 

absorption depth at ≤50 m spatial resolution). 



 

    Data type (image, spectrum, data table, map format etc.) 

        Map  

    What does it measure at what scale 

        The SSSVMM measures the scientific desirability according to their mineralogy and the 

mineralogical diversity of specific locations to be ranked as candidate sites for sample collection 

in sub-cm scale. 

    What MRD does this data product satisfy or contribute to satisfying? 

        MRD-114  

    What observations are required to provide the input data needed to make the data product? 

        Photometrically corrected OCAMS images, photometrically corrected OVIRS and OTES 

data, photometrically corrected OTES data, corrected radio science data. 



    When in the DRM are the observations that make the data product scheduled to be taken? 

        As soon as the last input data product completed during the Orbital B Phase before the 

second downselection  up to 4 sites starts.  Same for the final sample site selection during Recon 

Phase. 

    How long does it take to produce the data product? 

        Once the input maps are available, it should take approximately 2 days to 2 weeks go 

produce the SSSVMM. 

    Is this product used of sample site selection, science value, or long-term science? 

        The SSSVMM is one of the 4 sub maps to be fed into the Integrated Site-specific Science 

Value Map for sample site selection, and should be valuable for long term science.  

Data Product Structure and Organization 

    What is the structure of the data product (e.g. FITS file with 4 extensions) 

        FITS Map file  

    How is the product organized (e.g. one data set per mission phase, one file per Earth Day, etc. 

) 

        We produce one SSSVMM for each sample candidate site (up 12 sites from Orbital B, up to 

4 sites from Recon). 

Data Format Descriptions 

    Header information (metadata) included with data product. For example: 

        Standard OSIRIS-REx format. 

    Detailed Description of data format. For example: 

        OSIRIS-REx standard format 

Data Product Generation 

    How and by whom is the product generated? 

        Lindsay Keller, Vicky Hamilton  

        What are the input products needed to produce the product? 

            Site-specific mineral and chemical maps  

            Are there format expectations for the input products? 

                All input data should be co-registered map-projections, with the highest resolution 

maps degraded to the lowest resolution data set.  

        What algorithms and/or calibration data is used to generate products? 



        Are there format expectations for the inputs? 

            Does not apply. 

        Has a specific Science Team Member been assigned to produce this product? 

            Lindsay Keller, Vicky Hamilton  

        Will multiple versions of the product be generated? 

            No, only one version of the map will be generated for the first down selection.  

Data Product Validation 

    How will the product be vetted to ensure contents and format are correct 

        By consensus within the Science Team. 



Site-specific Science Value Temperature Maps 

Data Product Overview 

One sentence executive description of product 

The Site-specific Science Value Temperature Map (SSSVTM) will rank the science value of 

candidate sampling locations on the global surface of Bennu potentially down to the sub-cm 

level of resolution according to their temperatures, for the preservation of the volatiles and 

organic matter, to help further down select the sampling site. 

Overview 

Following from Level 1.10* and MRD-140**, we create the following 4 sub- Science Value 

Maps, in order of importance to the mission:  

1) Site-specific Science Value Chemical Composition Map (SSSVCCM) 

2) Site-specific Science Value Mineralogy Map (SSSVMM) 

3) Site-specific Science Value Geological Feature Map (SSSVGFM) 

4) Site-specific Science Value Temperature Map (SSSVTM)  

These are the input data products for the Integrated Site-specificScience Value Map that help 

identifying the overall scientifically ideal sample sites.  The SSSVTM is rated as the variable 

with the fourth highest science value amongst these four sub science value maps. 

The SSSVTM will be defined by Site-specific Temperature Map provided by data from OTES. 

We would like to identify the coldest locations where the volatiles and organic matters were best 

preserved among the surface of Bennu. We have subdivided temperature, and referenced it to a 

global average (which we may need to refine for just the daytime) to colder than global T, 

average global T, and hotter than global T average avoid the effect of the thermal inertia. (Josh 

wonders if we want to determine a reference relative to some temperature that folks think is 

relevant to decomposition of organics. TBD) 

*Level1.10: Resolve key mineralogical and organic features with spectral absorptions ≥5% to 

detect the following species: adsorbed water, phyllosilicates, carbonates, sulfates, silicates, 

oxides, and hydrocarbons, and determine mineral, organic, and phase abundances on the surface 

of Bennu, at a global spatial resolution of 50 m or better. 

 

**MRD-140 2.10.1: For ≥80% of the asteroid surface, map those spectral features listed in 

MRD-140 Table (Absorption Features of Key Mineralogical & Organic Molecules) with ≥ 5% 

absorption depth at ≤50 m spatial resolution). 

 

 



 

Data type (image, spectrum, data table, map format etc.) 

Map 

What does it measure at what scale 

The SSSVTM measures the scientific desirability according to their surface temperature of 

specific locations to be ranked as candidate sites for sample collection in sub-cm scale. 

What MRD does this data product satisfy or contribute to satisfying? 

MRD-114 

What observations are required to provide the input data needed to make the data product? 

Photometrically corrected OCAMS images, photometrically corrected OVIRS and OTES data, 

photometrically corrected OTES data, corrected radio science data. 

When in the DRM are the observations that make the data product scheduled to be taken? 

As soon as the last input data product completed during the Orbital B Phase before the second 

downselection  up to 4 sites starts.  Same for the final sample site selection during Recon Phase. 



How long does it take to produce the data product? 

Once the input maps are available, it should take approximately 2 days to 2 weeks go produce 

the SSSVTM. 

Is this product used of sample site selection, science value, or long-term science? 

The SSSVTM is one of the 4 sub maps to be fed into the Integrated Global Science Value Map 

for sample site selection, and should be valuable for long term science. 

Data Product Structure and Organization 

What is the structure of the data product (e.g. FITS file with 4 extensions) 

FITS Map file 

How is the product organized (e.g. one data set per mission phase, one file per Earth Day, etc. ) 

We produce one ISSSVM for each sample candidate site (up 12 sites from Orbital B, up to 4 

sites from Recon). 

Data Format Descriptions 

Header information (metadata) included with data product. For example: 

Standard OSIRIS-REx format. 

Detailed Description of data format. For example: 

Standard OSIRIS-REx format. 

Data Product Generation 

How and by whom is the product generated? 

Josh Emery 

What are the input products needed to produce the product? 

Site-specific Temperature Map  

Are there format expectations for the input products? 

All input data should be co-registered map-projections, with the highest resolution maps 

degraded to the lowest resolution data set. 

What algorithms and/or calibration data is used to generate products? 

See algorithms on the Wiki--algorithm description section. 

Are there format expectations for the inputs? 

Does not apply. 

Has a specific Science Team Member been assigned to produce this product? 



Josh Emery 

Will multiple versions of the product be generated? 

No, only one version of the map will be generated for each candidate site. 

Data Product Validation 

How will the product be vetted to ensure contents and format are correct? 

By consensus within the Science Team. 

Data Flow 

A graphical flow diagram below represents conceptually representing the production of the 

SSSVTM (red box). 

 

Update Data flow diagrams with more detailed based on current processing 

configuration.Describe the sources, destinations, and transfer procedures for data products. 

Standard OSIRIS-REX protocol. 

Standards used to generate data product 

Time (e.g. times are all converted to UTC) 

Standard OSIRIS-REx time. 

Coordinate System 

Standard OSIRIS-Rex coordinate system. 

Data Storage Conventions (i.e. byte order, compression, machine dependence) 

Standard OSIRIS-REx storage convention. 



Site-specific Science Value Geologic Feature Maps 

Data Product Overview 

One sentence executive description of product 

The Site-specific Science Value Geological Feature Map (SSSVGFM) will rank the science 

value of candidate sampling locations potentially down to less than 2 cm resolution on the global 

surface of Bennu according to their geological features, as a proxy of the surface freshness to 

help further down select the sampling site.  

Overview 

Following from Level 1.10* and MRD-140**, we create the following 4 sub- Science Value 

Maps, in order of importance to the mission:  

1) Site-specific Science Value Chemical Composition Map (SSSVCCM) 

2) Site-specific Science Value Mineralogy Map (SSSVMM) 

3) Site-specific Science Value Geological Feature Map (SSSVGFM) 

4) Site-specific Science Value Temperature Map (SSSVTM)  

These are the input data products for the Integrated Site-specific Science Value Map that help 

identifying the overall scientifically ideal sample sites.  The SSSVGFM is rated as the variable 

with the third highest science value amongst these four sub science value maps. 

 

The SSSVGFM is essentially a proxy for potential freshness of the surface of Bennu. It is a 

science priority that, if possible, we collect the freshest material that we can find. This category 

is further divided into 2 subcategories. Site-specific space weathering map will be created by 

SSSWG based on the data from the Global Space Weathering Map.  Particle size frequency 

distribution produced by RDWG is presented as having three major subcategories: mix, course, 

and fine. Each are debatable about why one might be more important than another. The data for 

the map components that feed into SSSVGFM are feed directly from the RDWG to the SPOC 

and the SSSWG obtains the needed information from the SPOC. 

*Level1.10: Resolve key mineralogical and organic features with spectral absorptions ≥5% to 

detect the following species: adsorbed water, phyllosilicates, carbonates, sulfates, silicates, 

oxides, and hydrocarbons, and determine mineral, organic, and phase abundances on the surface 

of Bennu, at a global spatial resolution of 50 m or better. 

 

**MRD-140 2.10.1: For ≥80% of the asteroid surface, map those spectral features listed in 

MRD-140 Table (Absorption Features of Key Mineralogical & Organic Molecules) with ≥ 5% 

absorption depth at ≤50 m spatial resolution). 



 

Data type (image, spectrum, data table, map format etc.) 

Map 

What does it measure at what scale 

The SSSVGFM measures the scientific desirability according to their geological features (as a 

proxy of the surface freshness) of specific locations to be ranked as candidate sites for sample 

collection in sub-cm scale. 

What MRD does this data product satisfy or contribute to satisfying? 

MRD-114 

What observations are required to provide the input data needed to make the data product? 

Photometrically corrected OCAMS images, photometrically corrected OVIRS and OTES data, 

photometrically corrected OTES data, corrected radio science data. 

When in the DRM are the observations that make the data product scheduled to be taken? 

As soon as the last input data product completed during the Orbital B Phase before the second 

downselection  up to 4 sites starts.  Same for the final sample site selection during Recon Phase. 

How long does it take to produce the data product? 



Once the input maps are available, it should take approximately 2 days to 2 weeks go produce 

the SSSVGFM. 

Is this product used of sample site selection, science value, or long-term science? 

The SSSVGFM is one of the 4 sub maps to be fed into the Integrated Site-specific Science Value 

Map for sample site selection, and should be valuable for long term science. 

Data Product Structure and Organization 

What is the structure of the data product (e.g. FITS file with 4 extensions) 

FITS Map file 

How is the product organized (e.g. one data set per mission phase, one file per Earth Day, etc. ) 

We produce one SSSVGFM for each sample candidate site (up 12 sites from Orbital B, up to 4 

sites from Recon). 

Data Format Descriptions 

Header information (metadata) included with data product. For example: 

Standard OSIRIS-REx format. 

Detailed Description of data format. For example: 

Standard OSIRIS-REx format. 

Data Product Generation 

How and by whom is the product generated? 

TBD 

What are the input products needed to produce the product? 

Global Space-weathering Map  

Site-specific Particle Size Frequency Distribution Map  

Are there format expectations for the input products? 

All input data should be co-registered map-projections, with the highest resolution maps 

degraded to the lowest resolution data set. 

What algorithms and/or calibration data is used to generate products? 

See algorithms on Wiki. 

Are there format expectations for the inputs? 

Does not apply. 

Has a specific Science Team Member been assigned to produce this product? 



TBD 

Will multiple versions of the product be generated? 

No, only one version of the map will be generated for each candidate site. 

Data Product Validation 

How will the product be vetted to ensure contents and format are correct? 

By consensus within the Science Team. 

Data Flow 

A graphical flow diagram below represents conceptually representing the production of the 

SSSVGFM (green box). 

 

Update Data flow diagrams with more detailed based on current processing configuration. 

Describe the sources, destinations, and transfer procedures for data products. 

Standard OSIRIS-REX protocol. 

Standards used to generate data product 

Time (e.g. times are all converted to UTC) 

Standard OSIRIS-REx time. 

Coordinate System 

Standard OSIRIS-Rex coordinate system. 

Data Storage Conventions (i.e. byte order, compression, machine dependence) 

Standard OSIRIS-REx storage convention. 
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SCIENCE VALUE MAP (CURRENT) 
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SCIENCE VALUE MAP: SYNOPSIS AND 
CURRENT STATUS 

• SVM is defined as combination of four expert 
systems 
– Rule system defined to process inputs 

(observable) and output (Inference results) 

• Graphically is a cognitive map 
– No CM reasoning process has been considered 

• Algorithm coded in MATLAB 
– Available to the SSWG  

2 



GENERAL COMMENTS 

• Pros 
– Simplicity 
– Straightforwardness 
– Easy to understand and implement 

• Algorithm has been coded in MATLAB and an initial analysis conducted (see 
subsequent sections and appendix) 

– Testable 
• Does the algorithm produce predictions in agreement with conclusions 

reached by planetary scientists? – need a test approach for hypothesized 
scenarios to verify consistency of the output 

• Weakness 
– The expert system is “crisp”, i.e. it is based on a true/false logic 

approach which may be not tolerant of uncertainties 
– The system seems to be very sensitive to variation of single inputs 

• See case studies in the sensitivity analysis section 
– The systems does not account for “amounts” of single inputs but it is 

based only on detection yes/no 
• See case studies in the sensitivity analysis section 
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SCIENCE VALUE CHEMICAL COMPOSITION 
MAP: GLOBAL RESPONSE 

4 
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The SVCC Map has been coded and 
tested in a MATLAB® environment.  
Considering the crisp logic associated 
with the map, the overall input space 
is comprised of 96 sets of inputs.   



SCIENCE VALUE MINERALOGY MAP: GLOBAL 
RESPONSE 

5 

The SVM Map has been coded and 
tested in a MATLAB® environment. 
Considering the crisp logic associated 
with the map, the overall input space 
is comprised of 384 sets of inputs.  
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SAMPLE VALUE GEOLOGIC FEATURE MAP: 
GLOBAL RESPONSE 

6 

The SVGF Map has been coded and tested in a 
MATLAB® environment. Considering the crisp 
logic associated with the map, the overall input 
space is comprised of 72 sets of inputs.  



TOTAL SCIENCE VALUE SCORE: GLOBAL 
RESPONSE 

7 

The Total Science Value Score (TSVS) Map ha been coded in a MATLAB® 
environment. Considering the crisp logic associated with the map, the overall 
input space is comprised of 7,962,624 sets of inputs.  
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SVCC ALGORITHM: SENSITIVITY ANALYSIS 

• A set of cases have been run to 
evaluate the output of the 
algorithm as function of a 
variety of inputs 

• Comments 
– Extremely sensitive to 

detection of just one 
component 

• Additional Issues 
– There is no capturing of the 

abundance of the chemical 
element detected. Does the 
abundance play a role at all? 
Uncertain detection may bias 
the map one way or another. 
 8 



SVM ALGORITHM: SENSITIVITY ANALYSIS 

• A set of cases have been run to evaluate 
the output of the algorithm as function of 
a variety of inputs 

• Comments 
– The major limitation of this design is the 

fact that each mineral is treated in the 
same fashion and there is no importance 
for the single mineral component (weight 
factor) included. Case 3 is indicative: we 
identify carbonates, silicates and 
amorphous phase is detected with the 
best case, but the map assigns a value of 
55.6/100 – is this the expected map 
output? 

• Additional Issues 
– The abundance of a single mineral is not a 

factor in the computation of the 
mineralogy value – Is there any difference 
is we detect a certain mineral with 
different abundance? 
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PATH FORWARD 

• Algorithm(s) Validation 
– it is important to validate the value of the maps(s) individually and as 

they aggregate – basically we need to define hypothesized scenarios 
and compare the map(s) value(s) with what the SSWG would expect 
the algorithm to score it – we can do a blind test: define a scenario 
(i.e. define the observables comprising the scenarios, detection/non-
detection etc.) and let a committee of scientists score independently 
the hypothesized site. Run the algorithm and see if the results are 
aligned with the reasoning of the scientists. 

• Improvements 
– Extend the expert system to be a “fuzzy” expert system. This approach 

has been proposed in the literature by Furfaro et al.(See additional 
presentation)– I made a case that the fuzzy logic framework is much 
more suitable to deal with uncertain scenarios typically found during 
the course of planetary exploration. Importantly, the implementation 
of the logic as a set of linguistic IT-THEN rules enables an easy 
interaction between scientists and AI experts. 

• Path to CDR 
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Integrated Global Science Value Map (MRD-114) 

Data Product Overview 

    One sentence executive description of product 

        The Integrated Global Science Value Map (IGSVM) will rank the scientific value of 

candidate sampling locations at a 2 sigma sample ellipse on the surface of Bennu according to a 

semi-quantified science value scale. The candidate sample sites are defined on the overall shape 

model for Bennu down to sub-meter resolution. 

Overview 

    Following from Level 1.10* and MRD-140**, we create the following 4 sub- Science Value 

Maps, in order of importance to the mission:  

        1) Global Science Value Chemical Composition Map (GSVCCM) 

             Global Science Value Chemical Composition Map  

        2) Global Science Value Mineralogy Map (GSVMM 

            Global Science Value Mineralogy Map 

        3) Global Science Value Geological Feature Map (GSVGFM) 

            Global Science Value Geologic Feature Map 

        4) Global Science Value Temperature Map (GSVTM) 

            Global Science Value Temperature Map (MRD-114) 

    Data product description for these 4 sub Science Value Maps are provided separately.  

    We are required by the project to produce 3 series of integrated Science Value Maps; (1) 

Global, (2) up to 12 recon sites, and (3) up to 4 final candidate sites.   

    *Level1.10: Resolve key mineralogical and organic features with spectral absorptions ≥5% to 

detect the following species: adsorbed water, phyllosilicates, carbonates, sulfates, silicates, 

oxides, and hydrocarbons, and determine mineral, organic, and phase abundances on the surface 

of Bennu, at a global spatial resolution of 50 m or better. 

    **MRD-140 2.10.1: For ≥80% of the asteroid surface, map those spectral features listed in 

MRD-140 Table (Absorption Features of Key Mineralogical & Organic Molecules) with ≥ 5% 

absorption depth at ≤50 m spatial resolution).  MRD-140 



 

    Data type (image, spectrum, data table, map format etc.) 

        Map  

    What does it measure at what scale 

        The IGSVM measures the scientific desirability of specific locations to be ranked as 

candidate sites for sample collection at the m scale. 

    What MRD does this data product satisfy or contribute to satisfying? 

        MRD-114  

    What observations are required to provide the input data needed to make the data product? 

        Photometrically corrected OCAMS images, photometrically corrected OVIRS and OTES 

data, photometrically corrected OTES data, corrected radio science data. 

    When in the DRM are the observations that make the data product scheduled to be taken? 

        As soon as the last input data product completed during the Orbital A Phase before the 

downselection to up to 12 sites starts 

    How long does it take to produce the data product? 

        Once the input maps are available, it should take approximately 2 days to 2 weeks go 

produce the IGSVM. 

    Is this product used of sample site selection, science value, or long-term science 



        The IGSVM is one of the 4 key maps to be used for sample site selection, and should be 

valuable for long term science.  

Data Product Structure and Organizatio 

    What is the structure of the data product (e.g. FITS file with 4 extensions) 

        FITS Map file  

    How is the product organized (e.g. one data set per mission phase, one file per Earth Day, etc.) 

        One map for the first down selection  

Data Format Descriptions 

    Header information (metadata) included with data product. For example:  

        OSIRIS-REx standard map format.  

    Detailed Description of data format. For example:  

        OSIRIS-REx standard map format.  

Data Product Generation 

    How and by whom is the product generated? 

        The effort to produce the IGSVM is led by Mission Sample Scientist, Harold C. Connolly 

Jr., and Sample Site Scientist, Keiko Nakamura-Messenger together with SSSWG members.   

    What are the input products needed to produce the product? 

        Global Science Value Chemical Composition Map  

        Global Science Value Mineralogy Map  

        Global Science Value Geologic Feature Map  

        Global Science Value Temperature Map  

    Are there format expectations for the input products? 

        All input data should be co-registered map-projections, with the highest resolution maps 

degraded to the lowest resolution data set.  

    What algorithms and/or calibration data is used to generate products?  

        The algorithms defined in the section on algorithms are what we will use.  

    Are there format expectations for the inputs?  

        Not applicable and/or no.  

    Has a specific Science Team Member been assigned to produce this product? 



        Keiko Nakamura-Messenger, Harold C. Connolly  

    Will multiple versions of the product be generated? 

        No, only one version of the map will be generated for the first down selection.  

Data Product Validation 

    How will the product be vetted to ensure contents and format are correct? 

        By consensus within the Science Team.  

Data Flow 

A graphical flow diagram below represents conceptually representing the production of the 

IGSVM. 

 

Update Data flow diagrams with more detailed based on current processing configuration. 

        See flow diagrams above.  

Describe the sources, destinations, and transfer procedures for data products. 

        OSIRIS-REx standards.  

Standards used to generate data produc 

    Time (e.g. times are all converted to UTC)  

        OSIRIS-REx standard.  

    Coordinate System  

        OSIRIS-REx standard.  

    Data Storage Conventions (i.e. byte order, compression, machine dependence) 



Algorithm Description for Integrated Global Science Value Map 
Quantification of Science Value 

At best, we can only produce a semi-quantitative method for weighting different elements that 

feed into the ISVM at a global level. The very word, value, is subjective in its meaning and 

different scientists will emphasize the importance, or place value on, different categories of 

science value for different reasons. Figure 1 is a graphical representation of a weighted scoring 

system that directly feeds into the algorithms of each of the four Science Value Maps to produce 

a means of quantifying the ISVM. 

 
Figure 1: A graphical flow diagram representing weighted science value to produce semi-

quantitative maps (typo fixed 9/20/2013 by KNM). 

 

Each element of the science value map will be given a ranked value with simple numbers of 

0,1,2 or 3, and these numbers will be added up to calculate the overall percentage for the sub 

Science Value maps (L1, L2, L3, and L4 %). Then for the Integrated Science Value Map, each of 

the sub Science Value map will be weighed according to its priority: 

L1: 50% (The highest weight) 

L2: 25% 

L3: 20% 

L4: 5% (the lowest weight) 

Then each area will be shown with percentage scored from the following equation: 

Total Integrated Science Value Score (%) = (L1*0.50 + L2*0.25 +L3*0.20 +L4*0.05)*100     

The score (%) will be visualized at the end in color: 



GREEN 100% (highest science value) –CREAM  50 % (average) – RED 0% (lowest science 

value) 

 

Priority Level 1: Science Value Chemical Composition (L1) (Vicky's comments in blue.) 

Science value of chemical composition (L1 %) will be calculated from the following equation: 

L1 = (X + Y + Z / L1max.points)*100    

where X is the total score of Organics & Volatiles feature, Y is scores of Organic/Silicate 

ratio, and Z is scores of CH2/CH3 ratio and maximum points of L1 (L1max.points) is 9. 

X is the total score of Organics & Volatiles feature that will be calculated from the 

following equation: 

X = a +b + c 

where a is the total score of organic features, 

b is the detection of adsorbed molecules, when it is detected b = 1, when it is 

under detection limit (featureless) then b = 0, 

c is the detection of Adsorbed H2O, when it is detected c =1, when it is under detection 

limit (featureless) then c = 0. 

a is the total score of Organic features that will be calculated from the following 

equation: 

a = i +j+ k 

where i is the detection of aliphatic hydrocarbon feature, when it is detected i = 1, 

when it is under detection limit i = 0,  

j is the detection of polycyclic aromatic hydrocarbon (PAHs) feature, when it is 

detected j = 1, when it is under detection limit j = 0,  

k is the detection of unknown spectral features (neither aliphatic hydrocarbons nor 

PAHs) but noteworthy possible organic spectra.  When such a feature is detected 

k = 1, when not,  k = 0. 

Y is the score calculated from the Organics/Silicate (O/S) ratios compared to the O/S 

ratios from the best representative lab data of primitive astromaterials.  Y will be 

considered only when any organic feature is detected (when a > 1). (Calculating the ratio 

of organics to silicates requires having the abundances of both, but organics will likely be 

characterized dominantly by OVIRS and we won't have abundance information. I'm 

happy to think about creative ways we might go about calculating something like this, but 

it might require some additional effort.) 

Y= either d or e or f (when a > 1) 

When a > 1 and the O/S is similar to the O/S of average carbonaceous chondrite, 

then 

Y = d =1  

When a > 1 and the O/S is similar to the O/S of CM2 carbonaceous chondrite, 

then 

Y = e =2 

When a > 1 and the O/S is similar to the O/S of IDPs, then 

Y = f =3 



Z is the score calculated from the CH2/CH3 ratio in aliphatic hydrocarbon compared to 

the ratios from the best representative lab data of primitive astromaterials.  Z will be 

considered only when aliphatic hydrocarbon feature is detected (when i = 1). (Similarly, 

we may not have the ability to calculate this ratio.) 

Z= either d or e or f (when a > 1) 

When i = 1 and the CH2/CH3 ratio is similar to the ratio of CM2 carbonaceous chondrite, 

then 

Z = g =1  

When i = 1 and the CH2/CH3 ratio is similar to the ratio of IDPs, then 

Z = h =2 

 

Priority Level 2: Science Value Mineralogy (L2) (Vicky's comments in blue.) 

Science value of mineralogy (L2 %) will be calculated from the following equation: 

L2 = (V + W / L2max.points)*100    

where V is the total score of detected mineral features, W is scores of Crystal/Amorphous 

ratio, and the maximum points of L2 (L2max.points) is 9. 

V is the total score of detected mineral features that will be calculated from the following 

equation: 

V = a +b + c + d +e + f +g  

where a is the detection of phyllosilicates.  When it is detected a =1, when the 

feature isn’t recognized a =0.  And the same for b, c, d, e, f, g where 

b: carbonates 

c: Sulfates 

d: Oxides 

e: silicates 

f: amorphous feature 

g: unknown but noteworthy mineralogical feature 

the maximum points of V is 7 when all of the above listed minerals are detected.  

Therefore V expresses the mineralogical diversity. 

W is the score calculated from the Crystal/Amorphous (C/A) ratios compared to the C/A 

ratios of the best representative lab data of primitive astromaterials.  W will be 

considered only when both silicate (e) and amorphous (f) features  are detected (when e = 

f = 1).  

(SAWG has not been asked to identify any amorphous phases, so at present, W cannot be 

calculated.) 

W= either h or I or j (when e = f = 1) 

When e = f = 1 and the C/A ratio is similar to the C/A ratio of the most 

representative lab data from UOC, then 

W = h = 0 

When e = f = 1 and the C/A ratio is similar to the C/A ratio of the most 

representative lab data from CR3.0 type carbonaceous chondrites, then 

W = i = 1 



When e = f = 1 and the C/A ratio is similar to the C/A ratio of the most 

representative lab data from IDPs, then 

W = j = 2 

 

Priority Level 3: Science Value Geological Features (L3) 

Science value of Geological Features (L3 %) will be calculated from the following equation: 

L3 = (Q + R + S + T + U / L3max.points)*100    

where Q is the score of plume activity, R is space weathering, S is Particle Size 

Frequency Distribution, T is the existence of Brittle Deformation, U is the score of 

Craters.  The maximum points of L3 (L3max.points) is 8. 

Q represents Plume Activity: 

Q = either a or b or c   

where a is the detection of active plume.  When it is detected then 

Q = a =2 

b is the detection of recent activity (definition TBD).  When it is detected then 

Q = b =1 

c is the detection of old plume site (definition TBD).  When it is detected then 

Q = c =0 

R represents the degree of space weathering: 

R = either d or e   

when the space weathering feature is less than global average (definition TBD), 

therefore the site is fresher than average asteroidal surface, then 

R = d =1 

When the space weathering feature is more than the global average (definition 

TBD), therefore the site is more weathered than average asteroidal surface, then 

R = e =0 

S represents the particle size frequency distribution (PSFD): 

S = either f or g or h   

when the PSFD feature show mixture of course and fine grains, then 

S = f =2 

When the PSFD feature show either only coarse grains distribution, then 

S = g =1 

When the PSFD feature show either only fine grains distribution, then 

S = h =1 

T represents the existence of Brittle Deformation.  

T will be contributed to the L3 only when the feature is recognized in the area, 

then  

T = 1   

U represents Crater features: 

U = either i or j   

where i is the detection of recent crater (definition TBD).  When it is detected 

then 

U = i =2 



j is the detection of old crater (definition TBD).  When it is detected then 

U = j =1 

 

Priority Level 4: Science Value Temperature (L4) 

Science value of Surface Temperature (L4 %) express the temperature of the area compared to 

the global average T. 

L3 = (N or O or P / L4max.points)*100    

when the site T is less than (colder than) the global average (definition TBD),  then 

N = 3  

When the site T is as same as the global average, then 

O = 2 

When the site T is more than (hotter than) the global average, then 

P = 1 

 

The final synthesis for the ISVM numerical scoring is represented in Figure 2, were we show 

graphically the entire flow of information from each Science Value Map. 
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