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AdapDve&Sensing&and&Sensorwebs&

•  AdapDve&Sensing&offers&the&potenDal&to&revoluDonize&
environmental&sensing&

•  AdapDve&Sensing&consists&of&several&concepts:&
–  AutomaDc&interpretaDon&of&data&to&go&from&lowGlevel&or&
raw&data&to&high&–level&descriptors&

–  AutomaDc&tasking,&redirecDon,&reGallocaDon&of&sensors&
based&upon&the&above&interpretaDons&

•  The&above&concepts&apply&to&a&wide&range&of&
sensors&(space,&air,&marine,&ground)&and&
science&applicaDons&(volcanology,&forestry,&
hydrology,&oceanography,&…)&



Environmental&Monitoring&
•  Hydrology: Flooding is the most costly ($$ 

and humanitarian) natural disaster  
– 2011 Thailand Flooding: 600 deaths and 

$45.7 Billion USD damage [World Bank 
2011] 

•  Volcanology: Over two hundred million 
people live near volcanoes.  
– The&Iceland&volcanic&erupDon&caused&damages&
1.9$3.3&billion&USD&(EU&Transport&Commissioner&
Siim&Kallas&27&April&2010)&in&air&travel,&tourism,&
and&industrial&disrupDon. 



Cryosphere&Tracking&

SSMIS sensor on DMSP 
1 days data 25km/pixel resolution 

Hyperion Sensor on EO-1 
Ice breakup at Prudhoe Bay 
30m/pixel resolution 

•  Automatically determine areas of greatest 
change 

•  Automatically target with higher resolution 
limited swath sensors (e.g. EO-1) 

T. Doggett, R. Greeley et al, Arizona State University 



Wildfire&
MODIS Rapidfire [Justice et al.] 
 
MODIS imagery courtesy NASA Earth Observatory 

Visible and burn scar enhanced 
images from ALI instrument on 
EO-1 of Station Fire near Los 
Angeles 03 September 2009  
 
Images courtesy EO-1 Mission 
NASA GSFC  

Station fire, La Canada, August 2009 
Automatically detect areas of fire ! direct higher resolution sensors to otrack, observe 

EO-1/ALI:  30m resolution 

MODIS 
250m 



Flooding&

Dry Flooded 

MODIS, 250m resolution 

Raw Image SVM Classified  
Surface Water Extent 

Worldview-2, 
2m resolution 

Automatically detect 
flooded regions of interest 
! 
Direct narrow FOV higher 
spatial resolution sensors 
Automatically derive end 
user products 



Volcano&Monitoring&

•  Volcanoes&can&erupt&with&liile&warning,&
someDmes&ajer&100s&of&years&or&dormancy&&

Chaiten volcano, 
Chile in a 2008 
eruption  
image courtesy 
USGS 

Automatically detect 
active volcanoes 
! 
Direct narrow FOV higher 
spectral spatial resolution 
sensors 
Automatically derive end 
user products 



Examples&



Process flow: 
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DetecDon& Response& Produce&Data,&
Model& Deliver&Data&

Data 
Products 

Events 
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What end data 
products do 
they want? 

How are 
products 
generated 
from raw 
data? 

How and 
where do they 
want the 
data? 

What 
potential data 
sources are 
there (space, 
air, marine, 
in-situ)?  
Which of 
these sources 
need be 
tasked?  
How are they 
tasked? 

When is an 
event 
happening? 



Technologies: 
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DetecDon& Response& Produce&Data,&
Model& Deliver&Data&

Data 
Products 

Events 
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Dashboards 
and mashups 
for user 
display 

Workflows for 
product generation 
– surface water 
extent, burn 
severity maps, 
volcano thermal 
output 

Workflows for 
data delivery 

Automated 
planning to 
task 
spacecraft 
(EO-1), 
marine 
assets, 
reconfigure 
in-situ 
sensors 

Workflows for 
automated 
data 
interpretation:  
spectral, 
support 
vector 
machine 



Sensorweb&Paradigm&

DetecDon&
Satellites&

InGsitu&

Response&
&

Product&
GeneraDon&
Delivery&
Alerts&
&

Model&



SensorWeb Imagery: EO-1 (2003 – pres.) 
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Namibia Flood  
SensorWeb 

2009 

Monterey Bay 
Ocean SensorWeb 

2008 

Thailand Flood 
& Fire 

SensorWeb 
2010 

Mt Erebus 
SensorWeb 

2008 

Caribbean Satellite 
Disaster Pilot 

SensorWeb 2009 

DR Congo 
Volcano 

SensorWeb 
2006 

Mt St 
Helens 2008 
SensorWeb Australia 

Flood  
SensorWeb 

2008 

Iceland Volcano 
SensorWeb 2010 

Worldwide coverage with many science disciplines 
flooding, oceanography, volcanology, forestry,… 
Nearly 10,000 SensorWeb Images as of 5/20/11 



InGsitu&Sensors&



Inside&an&Agent&

•  Agents&have&internal&mechanisms&to&support&
goalGdirected&behavior,&such&as&

•  AutomaDc&interpretaDon&sojware:&to&detect&events,&
interpret&raw&data&!&event&noDces&

•  a&mission&planner&to&determine&if&the&spacecraj&can&
saDsfy&requests&for&imaging&(or&if&higher&priority&
acDviDes&prevent,&or&if&resources&are&not&available,&etc.)&

•  an&execuDon&system&to&achieve&high&level&requests&
(such&as&imaging,&or&to&reconfigure&a&ground&network)&

•  together&these&capabiliDes&enable&the&asset&to&conform&
to&preGdefined&policies&to&monitor,&respond,&alert,&etc.&



CASPER Planner  
– response in 10s of minutes 

SCL – response in seconds with rules, scripts 

EO 1 Conventional Flight Software 
reflexive response 

Inside an �agent��– Autonomous Sciencecraft 

Onboard Science 

Band Extraction 

Observation 
Planner 

Spacecraft Hardware 

Raw Instrument Data 

Image 
Overflight  

Times 

High level  
S/C State  

Information 

Plans of Activities 
(high level) 

Sensor Telemetry 

Commands  
(low level) 

S/C State 

Control Signals  
(very low level) 

Observation 
Goals 

ICS 

Goals&

Alerts&

For further information see [Chien et al. 2005 JACIC] 



Agent&CapabiliDes&

Detect&and&
Monitor&

phenomena&of&
interest&

Respond&to&
observaDon&
requests&

Issue&alerts,&
ObservaDon&
requests&

Analyze&
data&to&
detect&
events&



Hierarchical&MulDGagent&Systems&
for&Integrated,&Intelligent,&
Space–Ground&Volcano&

Monitoring&

For further information see [Huang et al. 2010 JSTARS] 
 
Integrated with multiple volcano observatories worldwide 
including: Iceland, Ecuador, Mount Erebus, Etna,…  



Spider&Sensors&Hardware&(USGS)&

•  MEMS&accelerometer&(seismographic)&
•  AcousDc&Sensor&
•  GPS&sensor&
•  Lightning&Sensor&
•  Radio&



Spider&Node&on&Mt&St&Helens&



Spider&Node&on&Mt&St&Helens&
• 15 nodes placed in crater and on flanks of Mount St. Helens 
• Network dynamically adjusted to optimum routing configuration 



Mount&Saint&Helens&�Agent�&

Goals&

Alerts&

C&C&Network&
Autonomy& Bridge&

Smart&
Node&

Smart&
Node&

Smart&
Node&

Smart&
Node&

Smart&
Node&

Allocate&resources&
(bandwidth)&to&subG

area&of&network&based&
on&global&view&

Filter&and&summarize&
data&based&on&local&

view&



Onboard&Node&Smart&Sojware&
•  Onboard node software can detect events to change operating modes to 
capture critical events 
•  Quality of Service Node software ensures highest priority data is tranferred 
•  Example from OASIS Node 05 showing waveform, in-situ RSAM and in-situ 
event triggered QOS prioritization 

Pre-event  
buffer 

Seismic QOS 

RSAM 



•  Data&autonomously&delivered&to&Ground&System&and&ingested&into&DmeG
series&DB.&

•  VAlarm&detects&new&data&and&triggers&autonomous&ground&response&
through&C&C:&heighten&priority&(QoS)&of&crater&node&(node&4)&seismic&
data.&

&
Thermal&data&detected&/&ground&response&

Increased&QoS&results&in&nearly&conDnuous&data,&
at&node&of&interest.&

Data&transmission&loss&at&low&QoS.&&&

End-to-End ground and space cross-trigger 



Automated&Workflows&for&
AutomaDc&Data&Interpretaton&

For further information see [Davies et al. 2006 RSE,  
Davies et al. 2008 JVGR, Davies et al. 2013 JGRl] 



25&2 May 2010 – VIS                   2 May 2010 – SWIR                 4 May 2010 - SWIR                      



VSW&automaDc&products&

26&



VSW&automaDc&products&

27&



VSW&automaDc&products&

28&

Parameters: 
 
Mass Effusion rate:  6590.03 kg/s 
Volumetric Effusion rate: 2.64 m3/s 
Total Power loss:  1.98e+09 W 
Radiative Power loss:  1.61e+09 W 
Convective Power loss:  3.66e+08 W 
Total effective area :  7.98e+04 m2 

Effective temperature:  7.73e+02 K  
Look Angle:   12.63 deg. 
Range to Ground:  705.85 km 
 



29&

Thermal emission estimate is minimum value:   
 - estimates from short wavelength data 
 - thermal detections heavily impacted by cloud and/or plume… 
   … and we would like to know by how much! 

Corroboration via ground measurements critical. 
For further details see [Davies et al. JVGR Solid Earth 2013] 
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Volcano SensorWeb 

Alert: Uses alerts from  
multiple sources (in situ  
sensors, MODIS, AFWA, 
VAAC, et al.) 
Response: Alerts are used in a prioritized fashion to trigger follow up targeted 

satellite observations.  
Product Generation & Delivery: Rapid data processing, thermal maps, 
modeling of eruption parameters, and posting to end users. 
SensorWeb now includes in-situ sensor monitoring of Icelandic volcanoes:  
http://en.vedur.is/earthquakes-and-volcanism 

A. G. Davies / JPL 

A276_SensorWeb.ppt 

EO-1 Hyperion SWIR image 
of destructive lava flows at 
Nyamuragira, DR Congo,  
4 Dec 2006.  
 
This vital data acquisition 
allowed pinpointing of the 
vent and enabled accurate 
modeling of likely lava flow 
direction. 

2 km 

Main vent 
location 

DR Congo: 
Nyamuragira 

Lava 
fountains 

Lava 
flows 

�This was a stunning demonstration of the capability of 
an autonomous system to obtain and provide vital 
information during a volcanic emergency.� 
- Gari Mayberry, Geoscience Advisor, USAid 

Iceland:  
Fimmvorduhals,  1 April 2010  
EO-1 Hyperion SWIR image 

2 km 



Machine&Learning&and&
Workflows&for&AutomaDc&Data&

InterpretaDon&

For further information see [Chien et al. 2011 IGARSS, Mclaren et al. 
2012 SPIE, Chien et al 2012 i-SAIRAS, Chien et al 2013 JSTARS] 



Flooding in Southeast Asia, Fall 2011 

Flood: October 27, 2011 
(MODIS) 
 

Dry: March 6, 2011 
(MODIS) 



2011&Thailand&Flooding&
•  Flooding&in&Thailand&in&late&2011:&over&800&
deaths,&$45&Billion&USD&damage&(according&to&
World&Bank),&and&over&13&million&people&
affected&as&of&January&2012&
–  Threatened&Bangkok&and&outlying&areas&
–  Disrupted&industrial&producDon&and&global&supply&chains&



Thailand&Flood&Sensorweb&(TFS):&Overview&
•  Networked&set&of&sensors&(space),&data&from&sensors&used&to&

reconfigure/task&other&parts&of&network&
•  In&TFS,&twiceGdaily&Moderate&ResoluDon&Imaging&

Spectroradiometer&(MODIS)&imagery&is&classified,&
compared&to&a&baseline,&and&used&to&request&
observaDons&from&EOG1&
–  AutomaDcally&deliver&data&products&for&EOG1&Advanced&Land&Imager&

(ALI)&images&to&end&users&
•  Thailand&Hydro&&&Agro&InformaDcs&InsDtute&(HAII)&

•  Manually&retrieved&WVG2,&IkonosG4,&GeoGEye,&Landsat,&
Radarsat2&scenes&can&be&automaDcally&classified&and&
combined&with&Digital&ElevaDon&Model&(DEM)&to&esDmate&
water&volume&



WV2&SVM&ClassificaDon&

Reflectance of WV2 scene of Bangkok w/ flooded Don Muang 
Airport, acquired 11.3.2011 



WV2&SVM&ClassificaDon&

Surface water extent (blue) from SVM classifier using 5th 
degree polynomial kernel on 8 WV2 bands 



WV2&SVM&ClassificaDon&

Confusion matrix for 5th degree polynomial SVM for 8 features, run on hold-out 
scene acquired November 3, 2011.  Overall classification accuracy: 96.0%. 

Confusion matrix for 5th degree polynomial SVM for 8 features, run for hold-out 
scene acquired November 8, 2011.  Overall classification accuracy = 95.1%. 

Class Unlabeled Border Water Land Unlabeled Border Water Land 
Unlabeled 0 13156222 20395227 45959337 0.0%& 16.5%& 25.7%& 57.8%&

Border 0 223 0 0 0.0%& 100.0%& 0.0%& 0.0%&

Water 0 0 6847 338 0.0%& 0.0%& 95.3%& 4.7%&

Land 0 0 0 1044 0.0%& 0.0%& 0.0%& 100.0%&

Class Unlabeled Border Water Land Unlabeled Border Water Land 
Unlabeled 0 25639043 12807455 22806048 0.0%& 41.9%& 20.9%& 37.2%&

Border 0 349 0 0 0.0%& 100.0%& 0.0%& 0.0%&

Water 0 0 2206 287 0.0%& 0.0%& 88.5%& 11.5%&

Land 0 0 3 3110 0.0%& 0.0%& 0.1%& 99.9%&



Water&Volume&EsDmaDon&

Resulting water depth map calculated using SVM-classified surface 
water extent map and DEM. Total water volume calculated: 
~27,872,000 m3; average flooded pixel depth: 0.64 m. 



IkonosG4,&GeoGEye&

! ! !

Ikonos RGB, SWE, depth 

!

!

!

Geo-Eye 
RGB 
SWE 
depth 



Thailand Flood SensorWeb 
•  Detect: Pull 2x daily RAPIDFire subsetted MODIS data, support 

Vector Machine Learning (SVM) & band ratio methods of 
classifying gauging reaches against baseline dry scores 

•  Respond: Earth Observing 1 autonomously responds to acquire 
more detailed imagery 

•  Product Generation & Delivery: Data and flood products 
electronically delivered to Thailand Hydro Agro Informatics 
Institute (http://www.haii.or.th) 

A276_SensorWeb.ppt 

Detect: 
(L) MODIS imagery of Bang 
Pla Ma from 20 Jan 2011 
(R) Classified surface water 
extent from MODIS image 

Respond ! Generate ! Deliver 
(L) ALI imagery of Bang Pla Ma from 21 Jan 2011 
(R) Classified surface water extent from ALI image 

MODIS 28 Nov 2010 Imagery of 
Thailand Flooding (band 7-2-1) 
Est. damage over $1.67B USD  
[Thailand MCOT, CNN], Oct–Nov 2010 

S. Chien / JPL 

�The Thailand Flood SensorWeb 
provides a unique capability to 
detection, monitoring, response, and 
mitigation of flooding in Thailand�� 
Dr. Royol Chitadron, Director, HAII 
Thailand 



Thailand&Flood&Sensorweb&
in&OperaDons&

2010:&6/2010G&
5/2011&

2011:&6/2011G&
5/2012&

2012:&6/2012G&
12/2012&

Total&per&
Instrument&

MODIS&(est.)& 300& 730& 420& 1450&
EOG1/ALI& 11& 34& 10& 55&
WorldviewG2& 0& 55& 32& 87&
IKONOS& 0& 5& 5& 10&
GeoGEyeG1& 0& 3& 3& 6&

LandsatG7/ETM& 0& 6& 20& 26&
Pointable:&

Total&Images& 11& 103& 70& 184&



IntegraDng&Aerial&Assets&
UAVSAR&

For further information see [Doubleday, Lou, et al. Acta Future 2013] 



Aerial&Assets&
•  Complementary&to&Space&Assets&
•  Can&Loiter&
•  Generally&lesser&spaDal&coverage&
•  Must&pay&per&deployment&cost&

Algorithm& ApplicaMons& Notes&

Soil&moisture& Agriculture,&
Water&resource&
management&

Currently&requires&sparse&
vegetaDon;&generalizaDon&of&
algorithms&to&variable/dense&
vegetaDon&future&work.&

Surface&water&
extent&

Flood&miDgaDon& Extensions&to&varied&
topography,&rough&waters,&
and&smooth&land&are&future&
work.&

RepeatGpass&
disturbance&

General& Requires&expert/interpreter&
and&prior&imagery&onboard.&

Snow/ice&vs&
land&SVM&
classificaDon&

TransportaDon,&
FreezeGthaw&
monitoring&

VegetaDon&can&complicate&
classificaDon.&

Amplitude&
CorrelaDon&

Sea&
transportaDon,&
Glacial&
movement&
monitoring&

Strong&transportaDon&
applicaDon.&
Glacial&studies&would&desire&
higher&fidelity&(subGpixel&
moDon,&per&pixel).&&&

Algorithm& ApplicaMons& Notes&

Soil&moisture& Agriculture,&
Water&resource&
management&

Currently&requires&sparse&
vegetaDon;&generalizaDon&of&
algorithms&to&variable/dense&
vegetaDon&future&work.&

Surface&water&
extent&

Flood&miDgaDon& Extensions&to&varied&
topography,&rough&waters,&and&
smooth&land&are&future&work.&

RepeatGpass&
disturbance&

General& Requires&expert/interpreter&
and&prior&imagery&onboard.&

Snow/ice&vs&
land&SVM&
classificaDon&

TransportaDon,&
FreezeGthaw&
monitoring&

VegetaDon&can&complicate&
classificaDon.&

Amplitude&
CorrelaDon&

Sea&
transportaDon,&
Glacial&
movement&
monitoring&

Strong&transportaDon&
applicaDon.&
Glacial&studies&would&desire&
higher&fidelity&(subGpixel&
moDon,&per&pixel).&&&



Images acquired!
Datatake&
23519&

Formed&
images&

February 2012 



Images processed and alerts 
generated!

Goal&inserted,&
new&plan&

Interpreted&
images&

(no&detecDon)&Processed&
images&detecDons&

February 2012 



CASPER  Replanning!
– Fuel 

constraint!
– POI time-

to-live 
constraint!

!

New&
Datatake,&POI&

fullfilled&
POI&&

deadlines&

Data&recorder&
Dmeline&

Fuel&
Expenditure&

February 2012 



IntegraDon&of&UAVSAR&into&
Sensorweb&

•  Enables&triggers&from&Ground&!&UAVSAR&
•  UAVSAR&!&Space&
•  Space&!&UAVSAR&

•  Used&OpenGeospaDal&ConsorDum&(OGC)&web&
service&standards&(SWE)&
– Sensor&Planning&Service&(SPS)&
– Sensor&Alert&Service&(SAS)&
– Sensor&ObservaDon&Service&(SOS)&



Ocean&Sensorwebs&

For further information see [Schofield et al. 2010 EOS, 
Wang et al. 2012 CR, Thompson et al. 2010 ICRA, 
Dahl et al. 2011 IROS] 



Ocean&Observatories&IniDaDve&

EARTH AND ENVIRONMENT36

FIGURE 4.

Some of the transformative developments that could become routine within 5 years with the added 
power of a cabled support system. The top image shows miniaturized genomic analysis systems 
adapted from land laboratories to the ocean to allow scientists, with the flip of a switch in their 
lab hundreds of miles away, to sample ambient flow remotely and run in situ gene sequencing 
operations within the ocean. The data can be made available on the Internet within minutes of the 
decision to sample microbes in an erupting submarine volcanic plume or a seasonally driven phy-
toplankton bloom. The lower part shows a conceptual illustration of an entire remote analytical-
biological laboratory on the seafloor that allows a variety of key measurements or dissections to be 
made in situ using stereo high-definition video to guide high-precision remote manipulations. 

Scientific concepts by Ginger Armbrust and John Delaney; graphic design by Mark Stoermer for CEV.



The&Ocean&Observatories&IniDaDve&

50"

mulMmodal&
model$driven&
coodinated&

Bluefin 

CODAR&

 Rutgers 

Satellites&
AUVs&

&(ESPRESSO)&

Ocean&Models&

Gliders&



ROMS&ocean&model&
•  4DVar&assimilaDon&and&forecast&
•  Up&to&1km&horizontal&resoluDon&
•  Variable&depth&resoluDon&

51"

Temperature 

Salinity 
Currents 



OOI&OSSE&MAB:&(Nov&10G13&2009)&

52 



MAB&2009&Deployment&



ModelGdriven&sensing&

In this way, the Branch and Bound Algorithm quickly finds a valid path and continues to find paths of
increasing reward until the search completes or the user is satisfied.

3.3 Testing

Each algorithm was run from 31 start locations for 7 di↵erent days of ROMS data in July and August
resulting in 217 di↵erent paths. The A* and Branch and Bound algorithms were run with wh values of 1.0,
1.2, 1.4, and 1.6. The score for every path was recorded as well as the number of node expansions, which
is the number of times a path is removed from the queue or stack.

3.4 Results

Figure 5 shows example paths found for the Branch and Bound algorithm, the A* algorithm, and the
Greedy algorithm.

(a) Branch and Bound (b) A* (c) Greedy

Figure 5: Example of the paths found for (a) the Branch and Bound algorithm, (b) the A* algorithm, and
(c) the Greedy algorithm for the same start location, weighting, and set of ROMS data.

Figure 6 shows box plots of the gathered reward for the first path found with each algorithm over all
of the data collected. As expected, the Greedy Algorithm performs much more poorly than the algorithms
with an intelligent search strategy. The A*, Branch and Bound, and Greedy algorithms all have comparable
median scores and spreads of outliers, although the Branch and Bound algorithm has a slightly higher
median. The weighting of the heuristic, wh does not have much of an e↵ect on the scores for the first path,
except for the A* algorithm which has a slightly higher median with wh set to 1.6.

8

Heuristic path planning using branch and bound for single AUV based on visiting 
ROMS grids with maximum uncertainty [Troesch et al. 2013]. 
 
Use ROMS uncertainty estimates + estimated covariances [Thompson et al. 2011] 
! direct sensing 
!  fold new measurements into model 
! repeat 



Conclusions&
•  AdapDve&sensing&is&revoluDonizing&environmental&
monitoring&–flooding,&volcanology:&&
– AutomaDc&data&interpretaDon:&data&!&events&
– Autonomous&response:&local,&global&
– AutomaDc&alert&generaDon;&product&generaDon&

•  Many&of&these&technologies&have&been&in&use&
– Earth&Observing&Sensorweb&2004&–&present&24/7&
– This&above&work&has&not&delved&into&detailed&modeling&
or&spaDotemporal&phenomena&

– These&technologies&are&directly&applicable&to&studying&
dynamic&spaDotemporal&phenomena:&Oceanography&


