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25 years of Automated Planning & Scheduling for Space

SPIKE HST

GPSS  Shuttle
OMP-26M  DSN 26m-
DCAPS STS-85
MAMM  Radarsat

ASE EO-1

MAPGEN MER
MEXAR  Mars Express
ASPEN  Orbital Express
SSS DSN 34m+

NOT intended to be complete list




Current Limitations

Architecting, care & feeding of planning & scheduling
systems generally requires specialists

Most of focus on satisficing (vs. optimization)
Majority of applications batch, ground

Challenges in interoperabllity with other systems




Future Planning & Scheduling

e Sensorwebs
— Earth and beyond
— Many assets

* Proximity missions to dynamic bodies
— Comets
— Rapid response, dynamic environments

* Independent In-situ Explorers
— Titan Aerobot
— Long-term investigation of unknown environments




Animation removed.
To see animation goto

http://www.jpl.nasa.gov/releases/2003/113.cfm




Earth Observing Sensorweb Components

Planning for
Re-tasking

In-situ sensors, satellites,
UAV'’s, airborne instruments

Science Targets: Volcanoes,
Wildfires, Floods, Ice/Snow




Sensorweb Architecture

Distributed or
Instruments centralized [ science Science

Alerts Campaigns

N

Science D'St”bult_ed or
Event Manage centralized
] =

Automated
Planning
& Execution

Actions:

Active data acquisition,
changes in data rate




Today (EO-1)

o Operational 2003- ; 24/7 for over 1 year (2005-)

— Over 800 sensorweb triggered observations

— Linked in wide range (~20) of orbital and in-situ

assets

— Impact in several science disciplines
« Volcanology, Hydrology, Cryosphere




Earth Sensorweb Data Sources

Discipline

Data Source

Detector

Volcanos

MODIS (Terra Aqua)

MODVOLC, U Hawaii

GOES

GOESVolc

Air Force Weather Advisory

Volcanic Ash Alerts

International FAA

Volcanic Ash Advisories

Tungurahua, Reventador

In-situ instruments, Harvard, UNH

Hawaiian Volcano Observatory, Erebus Volcano
Observatory, Cascades Volcano Observatory,
Rabaul Volcano Observatory, ...

Sensor alerts

QuikSCAT

Dartmouth Flood Observatory

MODIS

Dartmouth Flood Observatory

AMSR

Dartmouth Flood Observatory

Cryosphere

QUIkSCAT (Nghiem)

Snow/Ice, JPL/Nghiem

Wisconsin Lake Buoys

UW Dept. Limnology

Forest fires

MODIS (Terra, Aqua)

RAPIDFIRE, U. MD, MODIS Rapid Response

Dust Storms

MODIS (Terra, Aqua)

Naval research Laboratory, Monterey

Clouds

EPOS

DoD
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Flood alerts are used to

retask EO-1. EO-1 Hyperion Image Brahmaputra Aug 6,

MODIS Image Brahmapu

250M resolutio —

POC:Brakenridg/DFQ 30M resolution




Sensorweb: Mt. St. Helens Lava Dome

Davies, Chien et al., RSE, 2006.

Mt. St. Helens 3 July 2005
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Integrated Modeling — Ex. — Mount Erebus

Erebus (Scene EO1H0551152005333110KF) Thermal Detections




Science Modeling
Thermal Processing

Level O Extract Bands Process to
Data Product 110, 150, 210, 213 Level 0.5

Process Hot Get Full Spectra Locate Hot
Spectrato L0O.5 For Hot Pixels Pixels
Fit Statistical Estimate Lava Estimate Magma
Model to Spectra Temperature Flux




Fit Statistical Model

Estimated Blackbody Temperature :609.55 Kelvin
T T T

Observed

Solar Blackbody
Thermal Blackbody
Fit Radiance Curve

Radiance

1.6 1.8
Wavelength (um)




Derived Ground Temperature

Estimated Ground Temperatures (Kelvin)




Derived area

Estimated Sub-Pixel Area




Derived Effusion Rate

ht. Erebus Effusion Rate Estimate using All Scenes

Predicted Mean
— 7~ 3-0(99%) Confidence
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Sesnorweb
+ Land Information Systems (LIS) Synergy

LIS model determines key
locations to sense in near real time
to maximize model accuracy




ASE + LIS Track Environment

Onboard Downlink of Onboard retargeting
analysis of cover of predicted snow
snow cover summary cover edge

EO1 Images
predicted
location to
precisely
measure

Snow Cover Image new

edge

Predicted

Snow Cover
Snow Cover

for key area
LIS model of
show cover Hi res of Hi res of
based on Snow Cover Snow Cover

moderate for large for large
resolution data scale scale




Projected increase in capabillities

SWE OSSE Data For 6km?2 Frasier Area

Microwave-Scale MODIS-Scale Process-Scale

With

Now - ASE + LIS




Ground-Space Sensorweb

EO-1

Seismic spectrogram

\ h.h..i.:*-_.;-_t.ul. e kA | Tiltmeter

Ll koo Pns?

CO, Level in Kilauea Caldera, April 23-28, 2003 pQC:
Tilt + Seismic + Radiometer (thermal) A. Miklius/HV@3




Ground-space Flow

Node priority




Status

 Today

— Hand-crafted architecture and sensor linkages

» Sensorweb linkages found by scientist Google-ing...

— Hand-crafted integrated science modeling

» Painstaking Scientist/IT collaborations

— Scientist defined campaigns

« Campaigns are target specific




EO-1 Sensorweb Is a many institution collaboration

EO-1 Mission (Mandl, Frye, Shulman,...) and Science Teams (Ungar, Brakke, ...)
Science Goal Monitor Team, GSFC (Jones, Grosvenor, ...)

Autonomous Sciencecraft Experiment Software (Chien, Castano, Sherwood, et al.) and
Science Teams (Davies, Baker, Greeley, Doggett, et al.)

Rapidfire/MODIS Land Rapid Response Team (Justice, Sohlberg, DesCloitres,...)

E)artmouth) Flood Observatory (Brakenridge, Andersen, Caquard,...) and QuUikSCAT
Ngiem,...
University of Hawaii, HIGP (Flynn, Wright, ...)

Hawaiian Volcano Observatory, Cascade Volcano Observatory, Mount Erebus Volcano
Observatory, Rabaul Volcano Observatory,

Harvard University (Welsh) and University of New Hampshire (Johnson)
University of Wisconsin, Center for Limnology (Hanson,...)
Land Information System Team (Peters-Lidard, Houser et al.)
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Someday...

* (from OpenGeospatialConsortium Sensorweb enablement
document)

Discovery of sensor systems observation, and observation
processes that meet our immediate needs

Determination of a sensor’s capabilities and quality of
measurements

Access to a sensors parameters that allow software to process and
geolocate observations

Retrieval of real-time or time-series observations and coverages in
standard encodings

Tasking of sensors to acquire observations of interest

Subscription to and publishing of alerts to be issued by sensors or
sensor devices based upon certain criteria




Requirements on Planning

Sensor discovery using SensorML, TransducerML, reqgests
using Sensor Observation Service and Sensor Planning Service

— (Botts, SensorML)(Mandl, Chien, et al, OGC SPS)
— Near-term — facilitate reconfiguration of networks
— Someday — actual sensor discovery

Automatic discovery of information on sensor data pedigree to
assess applicability

Automatic derivation of processing chains e.g. composition of
algorithms

Automatic negotiation of acquisition and delivery of data

Delivery of physical parameters not measurements to scientist




Martian Dust Storms

Detection using low res instruments (TES)

Image edges or formation using high res
or complementary instruments?

Similar effort being performed using MODIS

and EO-1 Hyperion in collaboration with
Naval Research Laboratory - Monterey

OCT 01, 2001




Space Weather
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Earth orbiting Magnetospheric Observers
automatically respond by reconfiguring

Sun-pointed instruments detect solar .
to acquire best data

activity such as Coronal Mass Ejection
(CME)
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Proximity Operations:
Exploration of Dynamic Bodies




ESA’s Rosetta, and its Philae lander, will
reach comet Churyumov-Gerasimenko in 2014




Proximity Operations

o Cometary Missions Include

— Period of remote study for characterization
« Mapping of comet surface/features
« Characterization of gravity field
« Characterization of orbit/rotation

— Closer in study
* Imaging of features in different phases
o Sampling from plumes?
» Possible touch and go surface sample?
» Possible anchoring for coring sample?




Comets are dynamic environments
--- Comet Tempell before and after DI impact




Comet Lander




Desiderata for planning

Ability to be closely integrated with spatial reasoning
— Reason about comet rotation, plumes, solar irradiation

Rapid response to outbursts
— Close linkage with lower level behaviors

Close linkage with guidance, navigation, and control
— Opportunistic maneuvers to investigate events

— Trajectory planning closely intertwined with resource
planning

Ability to continuously replan
— Constantly changing environment




Long-term Exploration of Unknown
Environments —
Hot air ballooning on Titan....




Titan Aerobot




Aerobot Challenges

 One scenario — RTG powered Mongolfiere
(hot air balloon)
— Atmosphere 4x dense and 1/7 gravity vs. Earth
— Drift rate m/s
— Sounder, imager, in-situ measurements (pressure, T)

 Challenges

— Limited Downlink
» Direct to Earth kbits/s
* Relay 10s minutes/day Mbits/s

— Time delays — round-trip light time is 2-2.5 hours




Mission Overview

Planner must coordinate imaging, with exploration

Exploration has limited control over vehicle position

Expected Titan winds directionally varying at altitude

— Possiblility to use altitude for high altitude swath followed by
closeup of areas of interest

Possible wind directions change based on Titan orbit
(16 days)




Titan Geyser

Image of Titan Geyser removed to avoid
redistribution.
See http://lwww.lIpl.arizona.edu/~rlorenz/titanart/titan1.html

Image courtesy Mark Robertson-Tessl and Ralph Lorenz,




Titan Cryovolcano




Lakes, Tides...

Image of Titan lake removed to avoid redistribution.
See http://www.space.com/php/multimedia/imagegallery/igviewer.pigp@=3745&9id=273&index=0

Image courtesy Kees Venenboos




Dunes...dunes...

Cassini radar images of Titan dunes...




And more...dunes...

Cat — scratch marks
Cassini radar images of Titan dunes...




Hazards...and opportunities!

« Many dynamic events expected on Titan

 Methane Cycle Gr?ateSt
_ Geysers Science

— Cryovolcanos Interest

— Lakes with tides —
Greatest
e Dunes — with winds, formation ... Hazard to

Aerobot




Planning Desiderata

Principled way of trading off benefits versus risks
— Decision-theoretic planning with science priorities?

Integration of resource planning with spatial
reasoning

— Instrument views

— In-situ sampling proximities

— Sampling Plumes

Integration of Planning with more reactive control
— When in close proximity to hazards (ground, plumes,...)

Long term agency
— Tradeoff of near-term versus long-term objectives




Conclusions

e Automated planning & scheduling systems have
made considerable contributions to space
explorations

— Impacts in space transportation, ground networks, Earth
Science, Space Science, Astronomy, DoD

— Majority of applications have emphasized satisficing
planning

* Future planning systems will stretch these
boundaries to
— multiple agents, negotiation — ground, in-situ, flight
— novel integrations with spatial reasoning
— optimization, risk, decision-theory, probability




