Robotic Exploration of Martian Caves in the Search for Life
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Planetary Cave Exploration Areas of Technical Fidelity and the NeBula Framework for Autonomy What is Next? Future missions/capabilities

More than 200 lunar and 2000 Martian cave-related . | e Tt
features have been identified. A £,

The existence of caves on Mars and Moon opens up new

Nebula: Autonomy stack (cloud of frontiers in planetary science of potential value to

Area of Technical | Operational Mode
fidelity

- / orecision landing for [mitad < eoed mopilty solutions. Descent algorithms for planning/perception/etc) Networked: Handles | oartial astrobiology, but also offers a series of technical challenges
Vents and fissures associated with water ice plumes on Dz\s/geiicess in';(e)césgin”a?]t INg Tor limited-range/speed mobiiity soiutions. Lescen multi-robot systems >ENSOrs and partia to enable access and detailed investigation of their
Saturnian, Jovian, and Neptunian moons also represent possible A - — Y9 . "Risk-aware . £ — Underground and communication information (POMDP-based) interiors.
cave systems (e.g., Boston, P.J. “Extraterrestrial Caves” 2004; Wynne, et al., 2016) Mare Tranquillitatis pit on the moon Unaltered record of lava Cave mobility Deepl/long cave traverse over unknown challenging surfaces Decision making . - Navigation
viewed from under multiple viewing freezing sequence i i i - : o - ' litioc:
seometries. Ashley et al., 2011 Power Extended operation without Slellght | | . \ / Opportunities and Capabilities:
Astrobiology interest - Communication 2-way data transfer for operation and science return without line-of- Nebula: Networked Belief-aware Perceptual Autonomy

Perceptual: Handles noisy

sight from deep caves to surface and to Earth Spatiotemporal gradient sensing: Multiple (stationary or

Stable physio-chemical environments, may trap volatiles,

enhance secondary mineral precipitation and microbial Autonomy Navigation within a previously unmapped environment; dy-némic? netyvorked science nodes equ-ipped With
growth, preserve biosignatures, and provide record of automatign of cor.nple>.< path planning and hazard avoidance; . _ mlhlaturlzed mstruments-; To cha.racterlze spatiotemporal
past climate (e.g. Boston et al., 2001; Leveille and Datta, 2010; Northup et al., 3D mapping and intelligent target selection and coverage Autohomous TS . Belief-aware: Probabilistic fluid- and thermo-dynamics gradlgrjts and flows.
2011) | o ‘ Instrumentation Low/no light conditions, limited power, cave specific ::Irfcettlon - | - | f’n[;g;i':“;mgy . " - b T e

Irregular | A B _ conditions/materials %3 : (R|Sk and Conﬂdence dare

Depression

Volcanic processes encoded in messages)

Petrology informs lava temperature and cooling history,
woulc! lead |n-to.|n5|ght into Martian magmatic processes et e——
and differentiation (e.g. Ashley et al., 2011; Kerber et al., 2016) habitat. Image courtesy of John Pint

Fo N Constantly field-tested (see references for publications on NeBula)

3) NeBula non-LOS Cave Communication

1) NeBula is Mobility Agnostic

Potential environment for future human exploration Objective Objectives Objectives
Expected stable, UV-shielding environment and potential UncoRapesd .| %, Integrate NeBula on low-cost long-endurance mobility systems to e Lightweight drift-free 3D topology mapping of multi-Kkm-long environments ® Reliable high-volume low-latency communication to
to act as volatile traps may make caves ideal habitats for o enable them to go through narrow passages (sub-meter width) and e Global localization of areas of scientific interest the.surface and between robots
negotiate extreme cave environments (large climbs/drops/slopes) e Local surface feature mapping e Reliable low-volume low-latency commands to robots

future human exploration (e.g. Boston et al., 2007; Boston et al., 2010) e Communication aware autonom
Chain of collapse pits y
transitioning into
uncollapsed lava tube on
the moon. Credit:

NASA/GSFC/ASU

Nebula has been field-tested on various vehicles in a range of underground environments

Cryovolcanos
E.g., on Titan: Some of most pristine, earth-like cryovolcano on Titan
environment in the solar system, with chance of finding
pre-biotic chemistry

Terrestrial Subterranean Exploration

Requirements
. Obstacle

e No direct line of sight (up to 8km long tunnels/caves) © Mobile Asset

® The signals are scattered in cave environment,
generating unpredictable link qualities

e Multi-agent communication/coordination in an
unknown environment

I Base (e.g. DuAxel rover)
Possible Comm. Path

Data: Temporal dimension

Comm node Non-LOS robotic operations in deep/long caves: including
. . dropper . . . . .
. . . Hybrid High a paradigm in which mobile robot(s) perform science,
° EXped|ted Technology maturation in the last decade Sehiclos f_r:;';iau?r:;g'and , whilst deploying, reconfiguring, and recharging a series of
. . . . e o . e, o Fast, low-cost slopes Fast, low-cost . . .
* Synergistic collaborations with the rising commercial space sector, traditional Enables redundancy Enables toavy myiond Requirements stationary low-power science nodes enabling mesh
mining com panieS, and other government agencies. peramuie Datamate Vertical shafts : Ezgcsrzzir;:jn il::i?rar\ge(;csi SubT environment Approach communications and environmental sensing
. . R i t ’ - Waveguide effect in caves visualized with
 Most promlnently, DARPA SubTerranean (SU bT) Challenge: NASA s eﬁg;rge/rgsgpscaves (up to 8Km long) e Multi-sensor fusion comms modelling e Network radios supporting
. . : : . : : ; : - : Multiple Inputs Multiple Output
participating in this challenge with a dual focus on the search for signs of Time-constrained and long-endurance missions (30 minute to days) pE—— (Muuvllpé;e nputs Multiple Outputs
. if . . . el Terrain variations (terrestrial and planetary): Climbs/drops/slopes/vertical Lpp A 'M : g velv d L
extinct and extant life, and resource characterization and acquisition shafts/stairs, mud, dirt, rock, obstacle-laden, narrow passages (sub-meter width) arge Area Mapping an Actively drop communication
Positioning (LAMP) nodes to form a communication
e Multi-constrained non-linear f Global Localization \ backbone
optimization (factor graphs) o Model signal propagation to
e Include multi-robot. and a-een Oblect determine optimal drop locations
CoSTAR team @ DARPA SubTerranean (SubT) Challenge FT—— ' BT (& erattiam Gelerst
Objectives: to revolutionize autonomous robotic technologies needed for i p , | A e Revisited scene recognition - | .y L networking)
. s SRR b T o ) : i Loop - ‘detection
explore, map, and search fully unknown caves and underground environments s S Z?Obstsrte;eglstratlon (loop o - \/\ Autonomous navigation and precision-topology: cm-
Duration: 3 years; 6 events (two trials; four competitions) Mobility-agnostic autonomy payload e Local submap fusion from \_ J resolution map accuracy and sub-meter navigation
Scoring: 3D Geometric and semantic mapping, find artifacts and interesting Integration with heterogeneous multi-robot systems; Multi-modal mobility multiple robots wnatr Pionatz postn accuracy

(hop/roll/bounce/fly)

: : : ctri Subt
ObJECtS IN an 8-km-|ong cave network Resiliency via redundancy and collision-tolerant ° Centrallze-d or distributed Elrllvg)rnar?leeirtl ’
Ruggedized, water-resistance, modular electronics computation Autonomous

3D mapping

Tunnel Environment Urban Environment Cave Environment

4) NeBula Navigation in Dark Caves

High dynamic ranges 120m; cm-level resolution 3D map;

ObjeCtiveS ObjeCtives Objectives capable of resolving loops and seamless fusion of multiple local rhaps
e Navigation with lightweight sensors in sensing- ® Encoding science mission spec’s and long-term comms-denied operations e Scientist-guided or Automatic detection of areas
degraded environments e Minimal to no human intervention of scientific interest Next-gen Science instrument integration: From basic
. e Time-changing objectives under hard and soft constraints e Semantic understanding of the underground environmental sensing to search for signs of extinct and
Requirements ® Human-friendly mission specification environment without human involvement extant life

® GPS-denied, lightweight sensors

® Perceptually-stressing terrestrial and planetary
environment: Dark, dust/fog/smoke, high-dynamic
range, reflective surfaces, self-similar terrain

&

END MISSION?

® Detecting risk areas
® Explainable human-level reasoning

Requirements
e Unknown and unpredictable

variables/environment Requirements

References

[1] Fan, Thakker, Bartlett, Miled, Kim, Theodorou, Agha-mohammadi, “Autonomous hybrid ground/aerial mobility in unknown environments,” IROS 2019. [2] Lew, Emmei, Fan, Bartlett, Santamaria-Navarro, Thakker, Agha-mohammadi, “Contact Inertial Odometry: Collisions are your Friend,” ISRR 2019. [3] Santamaria-Navarro, Thakker, Fan, Morrell, Agha-mohammadi, “Towards Resilient Autonomous Navigation of Drones,” ISRR 2019. [4] Terry, Lei, Morrell, Daftry, Agha-mohammadi, “Artifact Detection and Localization in Perceptually-Degraded Subterranean Environments,” ICRA 2020 (Submitted). [5] Ebadi, Change, Palieri,
Stephens, Hatteland, Heiden, Thakur, Morrell, Carlone, Agha-mohammadi. “LAMP: Large-Scale Autonomous Mapping and Positioning for Exploration of Perceptually-Degraded Subterranean Environments," ICRA, 2020 (Submitted). [6] Jung, Lee, Shim, Agha-mohammadi, “Autonomous Aerial Exploration Drones for DARPA Subterranean Challenge,” ICRA 2020 (Submitted). [7] Kanellakis, Karvelis, Mansouri, Agha-mohammadi, Nikolakopoulos, "Towards autonomous aerial scouting using multi-rotors in subterranean tunnel navigation," ICRA 2020 (submitted). [8] Kramer, Stahoviak, Santamaria-Navarro, Agha-mohammadi, Heckman,
"Radar-Inertial Ego-Velocity Estimation for Visually Degraded Environments,” ICRA 2020 (submitted). [9] Sasaki, Otsu, Thakker, Haesaert, Agha-mohammadi, “Where to Map? Iterative Rover-Copter Path Planning for Mars Exploration,” ICRA 2020 (submitted). [10] Fan, Nguyen, Thakker, Alatur, Agha-mohammadi, Theodorou. “Bayesian Learning-Based Adaptive Control for Safety Critical Systems,” ICRA 2020 (submitted). [11] Kanellakis, Karvelis, Mansouri, Agha-mohammadi, Nikolakopoulos, "Vision-driven NMPC for Autonomous Aerial Navigation in Subterranean Environments," IFAC (submitted) 2019, [12] Kalantari, Touma, Kim,
Jitosho, Strickland, Lopez, Agha-mohammadi, “Drivocopter: A concept Hybrid Aerial/Ground vehicle for long-endurance mobility,” IEEE Aerospace Conf, 2020. [13] Otsu, Tepsuporn, Thakker, Vaquero, Edlund, Walsh, Wolf, Agha-mohammadi, “Autonomous Exploration and Mapping of Communication-degraded Environment with a Robot Team,” IEEE Aerospace Conf., 2020. [14] Tagliabue, Schneider, Pavone, Agha-mohammadi, “The Shapeshifter: a Multi-Agent, Multi-Modal Robotic Platform for the Exploration of Titan," IEEE Aerospace Conf., 2020 [15] Agha-mohammadi, Hofgartner, Vyshnav, Mendez, Tikhomirov, Chavez, Lunine,
Nesnas, “Exploring Icy Worlds: Accessing the Subsurface Voids of Titan through Autonomous Collaborative Hybrid Robots,” IPPW, 2018. [16] Heiden, Pastor, Vyshnav, Agha-mohammadi, “Heterogeneous Sensor Fusion via Confidence-rich 3d Grid Mapping: Application to Physical Robots,” ISER, 2018. [17] Sabet, Agha-mohammadi, Tagliabue, Elliott, Nikravesh, “Rollocopter: An Energy-Aware Hybrid Aerial-Ground Mobility for Extreme Terrains,” IEEE Aerospace Conf., 2019. [18] Agha-mohammadi, Heiden, Hausman, Sukhatme, “Confidence-rich 3D Grid Mapping” /JRR, 2019. [19] Kim, Thakker, Agha-mohammadi, “Bi-
directional Value Learning for Risk-aware Planning Under Uncertainty,” I[EEE Robotics and Automation Letters, 2019. [20] Agha-mohammadi, Agarwal, Kim, Chakravorty and Amato, “SLAP: Simultaneous Localization and Planning for Physical Mobile Robots via Enabling Dynamic Replanning in Belief Space,” IEEE Transactions on Robotics, 2018. [21] Parcheta, Nash, Parness, Mitchell, Pavlov, "Narrow Vertical Caves: Mapping Volcanic Fissure Geometries," IPCC, 2015. [22] Boston, “Extraterrestrial Caves” Encyclopedia of Cave and Karst Science. Fitzroy-Dearborn Publishers, Ltd., London, UK. Pp. 355-358, 2004.

| HeRO: Heterogenous Resilient [~ Resiliency Logic A ® Multi-agent, intermittent communication = e Learn from database annotated by scientists
i Odometry estimation , o] ; ® Losing full or partial capability/health of e Multi-modal sensing: various gas detection,
: Trigger re-init ' . an agent isual, th | '
. ) L gg Reflective surfaces : - visual, thermal, ..., sensing
CalteCh - L 'nt9| @.E_LEARPAT“ TELERAB V€|°d9”e T— (Confidence checks : ° M.od.ellng and balancing ”S.k. in high-level Graphical representation of e Generalizing knowledge to new experiences
| i v O 3 mission and low-level mobility mission specification ® Low-computation/ low-memory methods Temp, Pressure,  Light
C(’ TEAM COSTAR * Odometry Se(;e"t besf( SOU,:C@’ ® Balancing between autonomous decision e Detecting objects and new science in
_ i | sSensors estimation and concatenate making and operator intervention erceptuallv-desraded settin
Collaborative SubTerranean Autonomous Robots 5 algorithms relative motion | PEICERTRATYECE °
] - /
3 : . PP RN i G tration detecti
S High-level approach: Adaptable, heterogeneous set of robots and instruments to enable Approach e
- various capabilities in an autonomous cave exploration mission. e Uncertainty-aware multi-sensor fusion: Failures considered by design
_‘é e Fault tolerant with failure detection and recovery
(&)
@© . Co T TS i U ) N T T
2 st DARPA SubTerranean Challenge (held in August 2019) ; e comen  ElEg | Resionco Logic | A | . |
g ‘ N A IS . | = DUDAR | Test NN Test . _» Chamne : /' Visual Terrestrial Anomaly Detection
i e i ™ LoN i | B i : -
S | : ' Lo | i | i Mobility service i Frontier nodes Location of peak
e ! ! > BLAM MU [ > py | adaptation | | for future exploration concentration
|2 : : > EKF ! ! b |
S - : | | : N :
GEJ i e : > RovIO > nd Local motion Mid-range planning Long-range path planning -
= ! ;ﬁg@ . : ' : o [7,,2,6,0,0] L 17y,2,8,0, 9] planning (< 5m) (<20m) (100m~1km) Approac
() ! ; Radar ri ; > RIO | AP :—V: :—Vw 03 o .
3 e : ; e | (59,59, 6,91 oot | | | £:9:%,,0, 9] pY— e Task-specific trained models
© | vmee T TL_SPARK [ g T | | Mutipledng | | : . L : _ e Multi-sensor detection approaches
%) ! ! ' [ wio i R L ! ® Accurate risk quantification under uncertainty in motion and mission , )
> | @ o . ™ asF : > ad : ) : : . O Directed observations :
: | : | . L | ® Traversability assessment using Information Roadmap: IRM : : - Axel descending
S | gy | el Realsense |— > oRaSLAM+ [ > . | : - o Ambient observations (gas, wifi, . Tether. . -acliff face
Js! | v | > CnuEce | | ’ i | ® Frontier-based exploration strategy magnetic)
2 | ﬁ oxarow | [ oF ; > [z,5,] > [z, &, 7] e Intuitive and standardized science mission specification based on BPMN ABNELIC) : : )
G —_— | | D i i g A L | R o ® Multi-robot information sharing
2 b g TR | , I oy ; . > 2rel e Autonomous health monitoring and fault recovery : . ,
i i e . . O | eiantsensor [ | Force contact | SR > (2,9, 4] : . : e Relative localization, fused with Rt
5 410 ke e : : ™| estimation | . | e Centralized and distributed task allocation ye pployed,
g (= f Ghertits aon: % "?‘?* 2 ; & M | M. >[92 > (i, 9, 2] e V&V under stochasticity (Simulation and field tests) o
= ~ Testing in deep/long subterranean environments - T — : R ; ey, b0, 2y, 2.6.0,9] Y
2 ~" .+ '900feetunderground .- . B encoders _{— s WO i GIER R YR Incll N >[4, 2, 6,0, ]
NS,
=
O
(o)}
S
(Q\
<
>
s
o
O
o



