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BACKGROUND & OVERVIEW

Operational Field Testing and NEEMO 21
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N(A\S)A NASA Extreme Environment Mission OperatiofSEEMO 21

U Overview
A Successful 16 day mission living and working from Aquarius

Reef Base

Completed acombinationof Exploration EVA and ISS/Orion

related objectives

International crew with partial crew rotation nidhission

Numerousparticipating organizations acro8sASA, JSC, ESA,

DoD,Researchnstitutions, Universities, anbhdustry Partners

To Do Do

i Key Dates pOVARIUS N

Engineering Week: May 48

JSC Crew Training Week: Juri®6

Test Readiness Review: June 24

Aquarius Reef Base Training Week: JW$5.0
NEEMO 21 Mission: July-2lig 5

Too J>o T To Do

u Crew Members

@ Megan Behnken*
MatthiasMaurer
Dawn Kernagis

sa
Reid Wiseman*

*Mission Commander (Chang Command conductedmgsion)
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N(A\%A Partners / Collaborators

U NASA

A Jsc
A XX Investigating partial gravity EVA operations, tat#selopment
A XM: Leadership, EVA tools and techniques, (esp. related to Mars moon)
A XI Science Team leadership, consulting for tools development
A EA (EC, ERPI for multiple evaluation objectives, building EVA tools
A CB Crewmembers
A SK Cainvestigator on some mission objectives
A PAQ Public Affairs activities

A ARC Mission planners and timeline tool

A JPL Ceinvestigator on some mission objectives

A KSC Communications, data management, and logistics support

A GSFCScience team support

U IPsS: crewmembers, research objectives, funding

U Academia
A EmbryRiddle Aeronautical University (ERAUResearch objectives, funding
A Naval Postgraduate School (NPSJynergistic robotic objectives (ROV & AUV), crewmember, funding
A Johns Hopkins UniversityResearch objectives, funding
A Florida International University (FIU)Aquarius owner and operator, marine science support
A Georgia Institute of TechnologyEVA Cognitive Work Analysis graduate study

U Institutions
A Florida Institute for Human & Machine CognitionResearch (epigenetics), crewmemtending
A Coral Restoration Foundationtesearch and mission objectives

u Military
A +tSGSNI yOQa

U Industry

A Preferred Medical Solutions/VEGA TelehealtiResearch, crewmember, funding
Teloregen Funding, mission objectives

Microspace Solutions PI for research objective with ERAU

SubGravity Providing diver propulsion system

Shark Marine Providing a navigation system;kimd contribution

I RY A yhiasivie Nikdical PeghnoibgiesResestch, crewmember, funding

> > > > >
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Astromaterials Research & EVAStrategic

Exploration Science (ARES) Aﬁ Iéj‘hq{]elgture

Mission Planning, Crew & Thermal
Develop & Integration Systems Tools

FLORIDA T
FIU oo oy Homs
\ -
= EMBRY-RIDDLE

. AERONAUTICAL UNIVERSITY

5: ihmce
FLORIDA& INSTITUTE FOR
HUWAN & MACHINE COGNITION

C®RAL

FOUNDATION™

€S TELOREGEN

@ VEGA Telehealth

<siffroc

SHARK

TECHNOLOGIES INC.
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fA\%A Heritage & Background

AROIO-SUHACe WDEFALIO
- Exploratiorntraverses were planned in advangsing imagergathered from precursosatellites
- Crewshad significant training in geology and scietasks =
- AnEarthbased science team (ST) suppor&dAs (Precursor plans, Feedback during EVA, and changes between E\ 4 I

VIarS RODOTIC IVIISSIOf '
- Remote science operations ~ /z
- Instrumentation /sample selection( : IMEZSINOM MSL- Curiosi

Testedbed for a varietyf communicatiorlatency for detailed EVA/Science evaluatiOns

NASA Extreme Environment MissiOperations

g§< Science

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

P : o . . :
@ Tested a variety of communication latencies for g@gence operations

Research and-Technology Stus

- Utilizes terrain appropriate for gescience tasks; Suit and rgbotic testedd _
=N . l%.’sn I -’ sn e .sn

& & @

>

@ &

~

2N . . . b
@ Test a variety of communication latencies

RESEARCH =
PROJECT
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@ther NASA ANalog: ~1ogre
- Each exploring variowspects of exploration
- Funded though grant programs
- Science focused

~
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N‘Q)A EVA Goals for Operational Field Tests

EVA Goals
A Advance the future of the EVA system and operations

A

p S35 S

Benefits of Operational Field Testing

Understand EVA gaps and concepts of operations for a wide range of Exploration destinations being
considered by NASA

Determine and document closures to gaps in EVA capabilities for Exploration missions and inform the
EVA Systems Maturation Team (SMT)

Develop and document concepts of operations for EVA at the Exploration destinations

Realize the needs of EVA tools and hardware and enable the development of requirements and
designs

A

o Do Do Ix

A

Evaluates objectives mapped to specific needs and knowledge/technology gaps
Concepts of operations can be accurately tested to determine their viability and changes

Utilization of real science allows for investigation of @¢aeend concepts of operations, from both an
Earthbased Science Team and thesitu EVA crew -

Provides an understanding of system and architectural interactions between Operations, Engineering,
and Science

Drives out results not found in standalone testing
A Able to understand in a mission environment what systems and technologies are and are not required

A Understand how the use and interactions of those systems and technologies affects their requirements and
subsequent development

Purposebuilt prototype hardware can be evaluated in a field test to provide data for design
maturation

Communication latencies can be simulated in an operational environment in order to assess the con
ops and needs associated with EVAs

Benefits programs from ISS to Exploration
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N(Q)a Mission Program Relevancy

Category

Gap/Risk

Experiment

Sponsor

Beneficiary

PlanetaryProtection

{ EVASwab Tool

HAT/JPL

Exploration

) Exercis€Countermeasures MED ER ISS Orion
TechnologyMaturation for Ops ‘ ®
- VEGA Corp/Vet Adm. ISS -----2 > Exploration
Telemedicine
AirDocs Corp/Vet Adm. ISS -----3 > Exploration
Mobile Crew Planning Tool Playbook ARC ISS -----2 > Exploration
CrewTask Efficiency MobiPV(ESA) ESA ISS -----2 > Exploration
HoloLengCargo Transfer Ops CO/ER/SF ISS -----2 > Exploration
OpsTools Maturation ISSVater Sampling { Aquapad ESA ISS
ISShutritional tracking { Nutritional Assessment ESA ISS
Sensorimotodegradation { PSAP Johns Hopkins | ISS ------ > Exploration
in situ DNA sequencing mini DNA Sequencer SF ISS -----5 > Exploration
v CrewSelf Scheduling XX/ARC ISS -----2 > Exploration
IntegratedScience Team XIIXX Exploration
OpsConcept Maturation ExplorationSurfaceOps w/Comm Delay Man-machinework systems XXI/NPS Exploration
ElectronicEVA cue cards XI/XX Exploration
IV Support Tools XIIXX Exploration
\ /1 NavigationTool needs XIIXX Exploration
. \"4 . . 3
OxidativeStress \ £ Multi-Omicsstudy IHMC ISS ----- > Exploration
PureScience Telomeredamage \ # TelomereRegeneration study Teloregen ISS ----- > Exploration
Reefmortality L\ CoralScience FIU, CRF N/A
. ” - CDRupgrade CB (+IPs ISS -----3 > Exploration
CrewPreparation ExpeditionaryTraining Pg (+1Ps) P
\ # Rookiemission experience CB (+IPs) ISS -----3 > Exploration
o PAQCevents PAO ISS -----3 > Exploration
OutreachOpportunities N/A P
v gy EducationaDutreach PAO ISS -----2 > Exploration
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EVA OBJECTIVES

ScienceOperations andEquipment
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N(A\s)a XXc Exploration EVA Objectives & Gaps for NEEMO 21

Theprimary objectivdor EVA at this operationdield testwasto explore the combined aspects 8tiencgOperations andEquipmentin a missiorike

environment in order to evaluate:

Concepts of operations on a natural surface
Hardware and tools for pioneering and science tasks
Tools and techniques that enable effective and efficient communication between the ground (MCC and Science Team) an{\tandrEWAJuring an EVA

overan appropriate communication latency utilizing a flexible executn@thodology in order to enable successful science

Tools (software and hardware) and
techniques needed to effectively
communicate over a comm latency during an
EVA

A Integrated EVA Science Operations

A EVA Digital Cue Cards

A IV Support System

NEEMO 21 EVA Objectives

Examine how EVA operations will be directed/controlled at destinations with comm latencieg
includingEVA interaction with a Science Team and edeiwen multtday planning of EVAs

EVA SMT Gap

. 128: EVA Integration
New: Integrated EVA Flight Control Methodology

VY

Evaluate the tools (hardwaend softwareMCC, the IV, and the EVA crew will need in order tq
conduct operations at destinations with comm latenciesjuding exting, fle transfer audio,
video, still imagery, suit data (placeholder), and an EVA tool for identifying and relaying
information about samples

128: EVA Integration
New: Tools for Interacting with EVA Over a Comm Latency

92: Avionics Systems for EVA Tasks
93: Display (Integrated EVA Camera System)

VEvaIuate what kind of tools (support system) the IV crewmember will need in order to effecti

handlethe amount of information and tasking the IV crewmember must contend with while
actively directing the EVA

el28: EVA Integration
New: IV Support System for EVA Operations

Flexible execution methodology for EVA
A0ASyO0OS 2LISNIiA2ya 6

55085t21L)+ FTtSEAG0ES SESOdziaAzy YSGK2R2f 238
ahd FBgEt&Ontzil Te@nytd aperate in natural environments where things are not well define
may require significant deviation from any plan

AZBTEVA IntBgration A 2 Y ¢ 0 T2 NJ G KS
Flexible Execution Methodology for EVA Science Operations
Undefined Environments

9 E LJf

A Integrated Geology Sampling System

A Loosely adhered particles (surface, float, soil)

EVA tools and hardware for science sampli\g/EvaIuateEVA hardware and operations for science sampling in a surface/pggialironment

A EVA Tool Caddy

A Chip samples
A Subsurface samples (core)

107: Tools for Surface EVA
New: Tools for Science Sampling on a Surface EVA

VEvaIuate EVA hardware and operations for transpotding stowing tools and samples

107: Tools for Surface EVA
108: Tools (Tool Carrier Device)

Hardware and tools to assist E\bperations
A Joint RobotiecEVA Operations
A EVA Navigation
A Traverse Planning

-xamine uses of robotic assets for EVA operations

128: EVA Integration
New: EVARobotic (MaAMachine) Work System

Assessool needs (hardware and software) for short distance navigation data to support rove

....... ol

based geology/science

92: Avionics Systems for EVA Tasks
96: Navigation (EVA Short Range Navigation)

@©

rt HaforRaat
reAuv o avregnly AT GO TIZO P P o e
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N%g Integrated Science EVA Operations @

SCIENCE
OPERATIONS

EQUIPMEN

Develop & Integration Architecture

A g X . P
TR\ ﬁvj Astromaterials Research .
{ @4 N Exploration Science (ARES) M|s|5|on Planning, EVAStrategic Planning

RESTORATION

Florida International - !
University s Crew & Thermal Naval Postgraduate Embry Riddle
Systems Tools School University
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A\ vt % — - - ‘ L | -~
SO INE OVERVIEWAND RESULTS
/-—-. L ’f — .
NURSERY CONSTRUCTION & SCIE REEF FOLLOWP SCIENCE REEF EXPLORATION SCIENCE

!]~ /

C®RAL

FOUNDATION™

s Orbicella.
U Constructed, populated, and conducted . .

initial scienceinvestigationon two long-term , U Exploredandexpandinto new sitesand new
coralnurseriesnearARB duringNEEMQ0 _ coralspecies coral sciencewascorrelatedto
50Chursery U Crew successfully navigated to, located, _ nurseriesasanaturalbaseline
A 90Mursery(deepestin the world) _documentedandre-sampledcolonies U Described,documented,and sampledover
i Constructed5 tree-structures at each site: U Science team developed the overall 80 additionalsamples

emplaced600samplesor scientificresearch samplingstrategyandtraverseplans

Authentic science now fully integrated into NEEMO EVA operations
Successfully completed all scieratgectives during 60+ hours of science driven EVA operations
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VoS U HE NG NURSERY)GONSTRUCTION: & SCIENCE

Buiurel] jue|d

Transport and
Build

Busauold

Science and
Operations
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OW HT IN
@ FIU

FLORIDA INTERNATIONAL UNIVERSITY

IMaGeS Lab

U Laboratoryof Integrative Marine
Genomics and Symbiosis (IMaGeS)

U Focuse®n the study of the symbiotic
interactions between microbial
organisms and cnidarian hosts, in
particular reefbuilding corals, from
different perspectives, including cell
biology, ecephysiology and ecology

i / NBg O2YYSyidyY al

E MARINEEXPLORATIONISCIENCE

NEEMO 20 o
RESULTS AND
FOLLOW UP
Agaricia 5 . Geneticallycharacterize thesoral
' ' g symbioticcommunity J

Provide time & depth component:}
REEMO 21 X Tl | . Provide a natural baseline for cor]il

a0ASyOS 2y | y VAL EXELORATION T restoration efforts

i / NBEg O2 YERY ¥dblYo ravisit
NEEMO 28ite. Definitely keep that.

Going back to previous work ties it al

together and gives feeling of cool
ongoingd OA Sy OS ®¢

EVAEXP0053 | D, Coan (EVA/XX4/CX3)

Orbicella

SCIENCE Ultimately inform ongoing coral

restoration efforts &
understanding of the changing
reef environment

13




PLANETARY ISCIENCE\RELEVANCI

SamplingProcedures
SamplingTechniques
CollectionTools
Contamination

Curation

cC:. CcC-C:C:C:

ﬂ Storage & Transport
Astromaterials-Research & C-E
ExplorationsSeience (ARE CTJ \
i NEEMO EVA science activities | s U Remote Sensing
includeddeployment of CG Research U In-situ Instrumentation
handheld instrumentation, E U Highgrading Samples
context descriptions, imaging, U Context Descriptions
andsampling e U Documentation
U The marinescience activities ) g
and associated research V)
objectivesserve as a < )
appropriate proxyor planetary e :
surface exploratiomctivities 3 '?f;\?gfsee%ﬁ):r:?\tilr?gns
Exploration i - ipil
U Integration, coordination, and P u (I_)Iperatlgnetl)l Tlgx'b'“ty
education from diverse " Cumag 000 Tps_ :
disciplines and organizations u Lrew science fraining

J

Marine scienceproved to bean excellent analod;or planetaryscience operations
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SCIENCE:PRESAMPLING

IIIIIII

SAMPLING DEPTH i
PRIORITY CHART 3 ___
e, RELAY INFORMATION TO IV AND SCIENCE TEAM

N20 Follow-Up and Exploration tasks use the same procedural steps
with only minor modification where noted.

PERMANENT IMAGE / VIDEO CORAL SAMPLE
DOCUMENT SAMPLING PRESERVATION
)

SAMPLING

PROCEDURES

For Reef Follow Up
add extra nail to tag

RELAY INFORMATION TO IV AND SCIENCE TEAM

Key TakeAways -
Crew science training is crucial -
Science Team input over 15 min com latency was successhﬁ
conducted during a single 4hr EVA
Science planning/rplanning was required frequently in order
to respond to operational changes and science discoveries :
Digital cue card interface was successful for increasing EVA abi
crew autonomy 7
Gap closures addressed

Integrated EVAlightControl

Tools for Interacting with EVA Over a Cotoatency

Flexible Execution Methodology for EVA Science Operations in

UndefinedEnvironments

o Do Io oI
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SCIENCE\SAMPLING

PERMANENT ’ ' IMAGE / VIDEO
LABELING . DOCUMENT

O' ~ ¥
...:#

SAMPLING DEPTH o=l
PRIORITY CHART rew
(FOR EXPLORATION ZONES)

RELAY INFORMATION TO IV AND SCIENCE TEAM

N20 Follow-Up and Exploration tasks use the same procedural steps
with only minor modification where noted.

PERMANENT IMAGE / VIDEO CORAL SAMPLE
DOCUMENT SAMPLING PRESERVATION

\

SAMPLING

PROCEDURES

For Reef Follow Up
add extra nail to tag

RELAY INFORMATION TO IV AND SCIENCE TEAM
SAMPLE

PRESERVATION

Key TakeAways

A Efficient transportation, access, and stowage of tool
instruments, and sampling equipment is critical for
increased science sampling; numerous lessons lear
were documented

A Detailed imaging of sampling process is crucial for

proper documentation and resulting science

Continue to develop and evaluate methods to

minimize sample contamination

A Gap closures addressed
Toolsfor Interacting with EVA Over a Conatency
A Toolsfor Science Sampling on a Surf&éA
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INTEGRATED EVA SCIENCI

OPERATIONS

P W) = voice
® = text

U Examinedcon ops that enable
interaction between the MCC&
the crew over a long comm
latencyincluding

Interactionwith an
integrated Sciencéeam
A Authentic scientific

objectives and hypothesis

A Flexecutiormethodology

NAVIGATION, MAP, &
TRAVERSE PLANNING

Assessed tool needs for

navigation

Traverse plan and map on cue
cards showed crew regions and
paths, and tasks to complete
Utilized Doppler relative nav
system for crew to find
ROIl/zones

ASSESSMENT

OPTICAL COMMUNICATIONS COMM STUDBESIGN.

U Successfully deployed, tested

and evaluated a prototype
opticalcommunicationsystem

JOINT ROBOTFEYVA
OPERATION

U Utilized an ROV as a robotic
asset for IV and ST situational
awarenes®f the EVA

T

=

U Assessed theffects of
communication latencies on
operations concepts, timelines,
andtasks

U Collectedoperational
acceptability ratings for the
overalloperationsconcepts as
well as various components

U Data is being evaluated and will

be incorporated into a 2017 IEEE
conference presentation




;\"' /EVACSCIENEE OF

Seea- >

Objectives Key TakeAways
A Developtechniques and determine what A Evaluated integrating ST feedback during an EVA, between EVAs, and sampling without di
functions/capabilities areeededto enable an input
gﬂp%?a{gtgﬂﬁagec‘%'i\?eﬁ;,e QﬁgcTteEa\'}’Atgceigﬁgg"e'y A Presampling followed by sampling with ST feedback during the same EVA was borderline
operations over a long comm latency acceptable

A Determine what functions/capabilitiesnd Note: Minimal training was available for the NEEMO crew, which contributed to the challeng

techniques araeededto enable the EVA crew thisconop . _

to effectively operate and communicate A Presampling in one EVA and sampling in a subsequent EVA, with ST feedback between the

information to the Science Team over a long was acceptable

comm Iatency _ A Sampling only with prsampling completed on the previous mission was acceptable/borderlir
A Evaluate flexible execution methodology for EVA A Flexecution was not specifically rated, but was found by EVA & ST to be a good model for

scienceoperations operations

A EVAcrew is capable of operating more autonomously than on ISS while simultaneously

_ incorporating input from an Eartbased ST

4) = voice A Science Team can effectively communicate critical data and direction ovemanl&®m latency
to execute science sampling operations duringla £VA

A Scienceplanning/re-planning may be required frequentiy order to respond to operational
changes and science discoveries

A Crewscience training is crucial, and detailed geoscience knowledge will be required
A Flexecution flight rules will be critical for addressing the decision making authority for
dynamically changing plans in a natural environment (crew versus MCC/ST)
A New paradigm for EVA flight control
A Crew training and geoscience knowledge will be crucial for operating in a flexecution
environment

A Provided critical input for updates to th&xploration EVA Concepts of Operatiatecument
A Gap closures addressed

A Integrated EVAlightControl

A Tools for Interacting with EVA Over a Coitmaency

A Flexible Execution Methodology for EVA Science Operations in Und&inédnments
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Objectives Key TakeAways

A Developtechniques and determine what
functions/capabilities aremeededto enable an MCC
integrated Science Team to effectively operate and
i’:\citlvely direct EVA science operations over a long comm
atency

A Determine what functions/capabilitiesnd techniques
are neededto enable the EVA crew to effectively
operate and communicate information to the Science
Team over a long comm latency

A Evaluate flexible execution methodology for EVA
scienceoperations

{) = voice

B = text

A Video from EVA helmet cams is requifedthe Science Team
A Warrantedimprovements are higher resolution video to enable more accurate/reliable
candidate sample identification
A Highresolution imageryphotos) willbe need to be transmitted during an EVA to
enable the ST to make informed decisions

A Needability to precisely locatéhe specimenso be resampled, including imagery of
the targeted samples and overall area
A EVAdigital cue cards enabled EV crew to conduct general navigation, identify specime

to sample, and guide themselves through procedures, permitting increasing EVA and
crew autonomy

A 1V support system will be key for Exploration EVA operations with comm latencies to
address the challenges facing future IV crewmembers with a high workload and to allc
for management of the large task volume

A For recording science data, warranted improvements are an inte?rated system that IV
%lr&('j\AS(;I' tcan tOth view and edit for tracking/recording of presampling and sampling tag
ata, etc

A A tool to record, track, and communicate science data is essential

A For modifying the plan during an EVA, warranted improvements are a system to allow
ST to modify a traverse reime and have that sent to the crew for use during the EVA

A Temporagl sample markers were critical &llowing the ST to review the crew inputs
over the delay and still get thepecies required

A Gap closures addressed
A Integrated EVA Fligi@ontrol
A Toolsfor Interacting with EVA Over a Comm Latency
A FlexibleExecution Methodology for EVA Science Operations in Undefingdlonments
A IV Support System for E\Dfperations
A Display (EVA Integrated Camera)
A Navigation (EVA Short Distance Navigation)
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NAVIGATION & TRAVERSE PLAN

Objective Key TakeAways
A Assess tool needs (hardware and software) for short distance A A combination of digital maps, a traverse plan, and an active navigatior
navigation data to support rover baseeology/science system will allow an EV crew to locate the pertinent sampling zones

A EVA digital cue cards enable EV crew to conduct general navigation,
iIdentify specimens to sample, and guide themselves through procedure
A Digital maps with timeline assist EV crew in efficiently understanding
exploration area and tasks
A Relativenavigation system enables crew to reliably find sampling zones
and relocate marked samples, which will be critical on Exploration
missions
A Keylessons learned for MCC ST on the tiatent planning cycle and
developing a process for updating the plan in timely manner under time
pressure and in a manner that the crew can effectiveiljze
! - ,, A For creating planned traverses, desired improvements are a Google Ea
KUBD KD v ovevew KW EP| KD TDLL | type mapping capabilities integrated w/ better a traverse planning tool t
i N v v/ -SE Nel show remaining consumables, traverse time and distance, etc.
A Gapclosures addressed
A Integrated EVA Fligi@ontrol
A Navigation (EVA Short Distance Navigation)

—

.
2 47
e o)
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IMAGES &
TRAVERSES

‘GEO-SCIENCE
SAMPLING

o\

U Evaluateddigital cue cards for
EVAcrew that allowed crew to
operate more effectively and
offload IV tasks

Additional crew autonomy
requires further access to
informationin their hands
Potential & 2 RS @ A far Scéie

cards/procedures,images/video,

instrumentcontrol, etc.

EVAEXE0053 | D _Coan (EVA/XXA/CX3)

Evaluatedtypes of tools the IV
crewmembemeedsto effectively
handle the large amount of EVA
informationwhile directingEVA
Evaluated effective setup in a
constrainedocation

Multiple  displays included
camera feeds, timeline,
nav/comm/sub systems,

proceduresjogs,etc.

SCIENCEAMPLING TOOLS
& GEOLOGSAMPLINGIT

Evaluated EVA tools and
hardwarefor sciencesampling
Evaluated Integrated Geology
Sampling System for collecting
geology& astrobiologysamples
SampleBriefcasehousedvarious
end effectors with two different
drivers(manualand powered)
Analyzed methods to minimize
contamination of sample and
area

This-document-does-not-contain-any export-controlinformation-(#20205009467)

TRANSPORTATION &
STOWAGE OF TOOLS

c:

Evaluated EVA hardware and
operations for transporting and
stowingtoolsand samples

Initial look at sled/cart options
for largeequipmenttransport
Evaluatedsling bag options for
small items & easy access
(sample markers, hand tools,

electronicsetc.) .
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