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Environmental RoboticsEnvironmental Robotics

Sensors and Sensor Networks for Estimation of Sensors and Sensor Networks for Estimation of 
Distributed Field ModelsDistributed Field Models

Mobility in Complex Outdoor Settings Mobility in Complex Outdoor Settings -- MultivehiclesMultivehicles
Architecture, Control, and Communications Architecture, Control, and Communications -- NetworksNetworks
Algorithms, Planning and Reasoning Algorithms, Planning and Reasoning –– Model EstimationModel Estimation
HumanHuman--System Interaction System Interaction –– Management and RiskManagement and Risk
Implementations for Specific Environmental DomainsImplementations for Specific Environmental Domains

The application of robotics technology, particularly mobile
sensor networks, to the observation, monitoring, and 
remediation of environmental systems.

Challenge:   Monitoring of large-scale distributed dynamic
systems with complex interactions and impacts

Major Subtopics:
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Complex Environmental SystemsComplex Environmental Systems

Human HealthHuman Health
Societal PatternsSocietal Patterns
Economic DevelopmentEconomic Development
Security and DefenseSecurity and Defense
EducationEducation

People

BiosphereEcosystems
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Complex Environmental SystemsComplex Environmental Systems

Human HealthHuman Health
Societal PatternsSocietal Patterns
Economic DevelopmentEconomic Development
Security and DefenseSecurity and Defense
EducationEducation

People

BiosphereEcosystems

Robotics
- Sensing
- Modeling
- Visualization
- Prediction
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Environmental SystemsEnvironmental Systems

Example:  Algal Blooms in Coastal AreasExample:  Algal Blooms in Coastal Areas

Dinoflagellates
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Environmental SystemsEnvironmental Systems

Example:  Algal Blooms in Coastal AreasExample:  Algal Blooms in Coastal Areas

Rapid growth in 
coastal areas: 

“blooms”  
(or “red tide”)

NSF ERE Report – Anderson, WHOI

Dinoflagellates
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Environmental SystemsEnvironmental Systems

Example:  Algal Blooms in Coastal AreasExample:  Algal Blooms in Coastal Areas

Rapid growth in 
coastal areas: 

“blooms”  
(or “red tide”) Toxic impact on marine

mammals and fish

NSF ERE Report – Anderson, WHOI

Dinoflagellates
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Environmental SystemsEnvironmental Systems

Example:  Algal Blooms in Coastal AreasExample:  Algal Blooms in Coastal Areas

Rapid growth in 
coastal areas: 

“blooms”  
(or “red tide”) Toxic impact on marine

mammals and fish

NSF ERE Report – Anderson, WHOI

Dinoflagellates

Monitoring
Modeling

Prediction
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Environmental SystemsEnvironmental Systems

Example:  Algal Blooms in Coastal AreasExample:  Algal Blooms in Coastal Areas

Meanwhile: 
Coastal Population Trends
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Example:Example: Hudson River and EstuaryHudson River and Estuary

Major U.S. river resource
Economic
Environmental
Cultural

Total length:  315 miles
New York City – Troy  (tidal) :  154 miles

Complex and Diverse Ecosystem
Tidal over 154 miles
Salt front up to 60 miles
200 species of fish

Rich Historical Role
Transportation
Economic Resource – Fishing
Industrial and Agricultural Focus
Population and Cultural Center

Upper Hudson - River

Lower Hudson 
Tidal Estuary

Troy
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Issues:Issues: Critical Environmental ChallengesCritical Environmental Challenges
Expanding Population Trends

Northward expansion of New York City population
Expansion of Capital Region

Pressures on Land Use
Industrial Development
Power Generation 
Water Resources

Ecosystem
Complex biological system

Habitats, plant communities, 
Energy and nutrients
Fish and animal populations

Strong impacts of population, land use, industry

Contaminants
Sewage, organic wastes, pulp mill discharge
Industrial oil, paint, metals
Non-point source pollution – fertilizers, pesticides, acidity
Specific problems:

Heavy metals – cadmium, nickel, cobalt, lead
PCB
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Ecosystem ManagementEcosystem Management

ContaminantsContaminants

Land UseLand Use

Water SupplyWater Supply

RecreationRecreation

Power GenerationPower Generation

Hudson River Hudson River 
and Estuaryand Estuary
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Hudson River Hudson River –– EPA PCB Remediation ProjectEPA PCB Remediation Project

Planned core sampling
grid for remediation study,
started October, 2002.

Planned:  30,000 samples

Project:  Remove estimated
2.65 million cubic yds of 
sediment over 40 miles of river
in the Upper Hudson
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Network Coordination/Management
Collaborative Tools and Resources                               
e.g., Data and Model Repository

Lake Tahoe
Algal growth

Urban Airsheds/
Watersheds
Health issues Gulf of Mexico/

Coastal Margins
Hypoxia

Great Lakes
Water supply, 
invasive 
species Urban 

Watersheds
Health issues

Hudson River
PCBs, water 
supply

Chesapeake Bay
Loss of shellfish

Neuse River
Algal growth,
Low O2

NSF:  National View of Environmental Observation Regions

Columbia River 
Resource conflicts

National ScienceFoundation
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Environmental Research InfrastructureEnvironmental Research Infrastructure

DATABASE AND
VISUALIZATION

SENSING

MODELING AND
SIMULATION
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Environmental Research InfrastructureEnvironmental Research Infrastructure

DATABASE AND
VISUALIZATION

MODELING AND
SIMULATION
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Environmental Research InfrastructureEnvironmental Research Infrastructure

DATABASE AND
VISUALIZATION

MODELING AND
SIMULATION

SS

S

S

S

S

S

Sensor
NetworkSENSOR

TECHNOLOGIES

EMBEDDED
COMPUTING

COMMUNICATIONS
PROTOCOLS

NETWORK
ARCHITECTURE

POWER
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Environmental Research InfrastructureEnvironmental Research Infrastructure

DATABASE AND
VISUALIZATION

MODELING AND
SIMULATION

S-A

S-A

S-A

S-A

S-A

S-A

Robotic
Sensor
Network

SENSOR-
ACTUATOR
NODES

S-A
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Major U.S. LaboratoriesMajor U.S. Laboratories
MBARI MBARI (Monterrey Bay Aquarium Research Institute)(Monterrey Bay Aquarium Research Institute)

Links:  Princeton University Links:  Princeton University –– Naomi LeonardNaomi Leonard
Links:  MITLinks:  MIT
Key Investigator:  James BellinghamKey Investigator:  James Bellingham
Major Program:  AOSN Major Program:  AOSN –– Autonomous Observation Sensor Networks,  Autonomous Observation Sensor Networks,  
AUV Development (AUV Development (BluefinBluefin vehicle)vehicle)

AOSN – MBARI
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Major U.S. LaboratoriesMajor U.S. Laboratories
RPI  RPI  (Rensselaer Polytechnic Institute)(Rensselaer Polytechnic Institute)

Links:  LamontLinks:  Lamont--Doherty Earth Observatory (LDEO, Doherty Earth Observatory (LDEO, 
Columbia University)Columbia University)
Links:  Autonomous Undersea Systems Institute Links:  Autonomous Undersea Systems Institute ––
Dick Dick BlidbergBlidberg
Key Investigator:  Arthur SandersonKey Investigator:  Arthur Sanderson
Major Programs:  Major Programs:  RiverScopeRiverScope –– monitoring rivers monitoring rivers 
and estuariesand estuaries

UCLAUCLA
Key Investigators:  Deborah Key Investigators:  Deborah EstrinEstrin, William Kaiser, William Kaiser
Links:  USC Links:  USC –– GauravGaurav SukhatmeSukhatme;  UC Merced ;  UC Merced ––
Tom HarmonTom Harmon
Links:  UC Berkeley Links:  UC Berkeley –– distributed network distributed network 
hardware, UCB Motes.hardware, UCB Motes.
Major Programs:  NSF STC CENS CenterMajor Programs:  NSF STC CENS Center

James Reserve – CENS, UCLA

AUVSIM - AUSI
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Major U.S. LaboratoriesMajor U.S. Laboratories
Virginia TechVirginia Tech

Key Investigators:  Dan StilwellKey Investigators:  Dan Stilwell
Links:  Virginia Institute of Marine Science; Links:  Virginia Institute of Marine Science; 
Center for Bioenvironmental Research Center for Bioenvironmental Research 
(Tulane/Xavier)(Tulane/Xavier)
Major Programs:  AUV development; Major Programs:  AUV development; 
multimulti--vehicle control/estimationvehicle control/estimation
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Major U.S. LaboratoriesMajor U.S. Laboratories
USF (University of South Florida)USF (University of South Florida)

Key Investigators:  Larry Key Investigators:  Larry LangebrakeLangebrake, David , David 
FriesFries
Major Programs:   Coastal monitoring; Major Programs:   Coastal monitoring; 
MicrosensorMicrosensor developmentdevelopment

Mass Spec – Fries, USF

WHOI  WHOI  (Woods Hole Oceanographic Institute)(Woods Hole Oceanographic Institute)
Key Investigators:  Dana Key Investigators:  Dana YoergerYoerger, , HanumantHanumant Singh, Chris von AltSingh, Chris von Alt
Links:  MITLinks:  MIT
Major Programs:   Oceanographic and coast monitoring; AUV develoMajor Programs:   Oceanographic and coast monitoring; AUV development (pment (RemusRemus))

UC RiversideUC Riverside
Key Investigator: J. FarrellKey Investigator: J. Farrell
Links: SPAWARLinks: SPAWAR
Major Program: Successful plume localization using a REMUS AUVMajor Program: Successful plume localization using a REMUS AUV

University of WashingtonUniversity of Washington
Key Investigator:  J. DelaneyKey Investigator:  J. Delaney
Links:  MBARI, WHOI, NASA JPL, NOAA, RutgersLinks:  MBARI, WHOI, NASA JPL, NOAA, Rutgers
Major Program:  NEPTUNE regional ocean observatory for NortheastMajor Program:  NEPTUNE regional ocean observatory for Northeast Pacific OceanPacific Ocean

Other Research Communities:Other Research Communities:
Oceanography, Hydrology, Environmental Science and Engineering …Oceanography, Hydrology, Environmental Science and Engineering …
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Algorithms, Planning, and Reasoning: ExamplesAlgorithms, Planning, and Reasoning: Examples

MS Visualize – Fries, USF

Adaptive Sampling – Sanderson, RPI

Stilwell, VT
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James Reserve – CENS, UCLA

Architecture and Control: ExamplesArchitecture and Control: Examples

AOSN – MBARI

AUVSIM - AUSI
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Sensors and Sensor Networks: ExamplesSensors and Sensor Networks: Examples

Mass Spec – Fries, USF

MEMS Sensor – Fries, USF

Biosensor – Meffert, Tulane U

ADCP – Wall, USGS
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Mobility:  ExamplesMobility:  Examples

SAUV –
AUSI,RPI, 
Falmouth 
Scientific

ROV – Fries, USF

Glider – Eriksen, Wash AUV – Stilwell, Virginia TechCENS –UCLA, USC
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Accomplishments Accomplishments -- FundamentalFundamental
Environmental Sensor TechnologiesEnvironmental Sensor Technologies

Fundamental devices and systems for critical environmental variaFundamental devices and systems for critical environmental variables, bles, 
e.g. CTD Sensors, Dissolved Oxygen, Chlorophyll, ADCPe.g. CTD Sensors, Dissolved Oxygen, Chlorophyll, ADCP
Commercial:  Commercial:  WetlabsWetlabs, Falmouth Scientific, RDI, Crossbow and others., Falmouth Scientific, RDI, Crossbow and others.

Sensor NetworksSensor Networks
D. D. EstrinEstrin, W. Kaiser (UCLA), W. Kaiser (UCLA)
U.C. Berkeley U.C. Berkeley –– Modular sensor network technologiesModular sensor network technologies
Development of distributed sensor algorithms and applications toDevelopment of distributed sensor algorithms and applications to
environmental monitoring networksenvironmental monitoring networks

Autonomous NavigationAutonomous Navigation
J. Leonard (MIT), L. Whitcomb (JHU)J. Leonard (MIT), L. Whitcomb (JHU)
Development and demonstration of underwater navigation algorithmDevelopment and demonstration of underwater navigation algorithms s 
with application to single and multiple autonomous vehicles for with application to single and multiple autonomous vehicles for 
environmental observation and monitoringenvironmental observation and monitoring

Adaptive SamplingAdaptive Sampling
J. Farrell (UC Riverside), N.  Leonard (Princeton), A. SandersonJ. Farrell (UC Riverside), N.  Leonard (Princeton), A. Sanderson (RPI)(RPI)
Development of algorithms to guide observation and sampling of Development of algorithms to guide observation and sampling of 
distributed field variables in underwater environmentsdistributed field variables in underwater environments
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Influential PapersInfluential Papers
J.A. Farrell, S. Pang, W. LiJ.A. Farrell, S. Pang, W. Li,, “Plume mapping via hidden Markov methods,” “Plume mapping via hidden Markov methods,” IEEE Transactions on IEEE Transactions on 
Systems, Man and Cybernetics, Part BSystems, Man and Cybernetics, Part B, vol. 33, no. 6, pp. 850 , vol. 33, no. 6, pp. 850 –– 863, 2003.863, 2003.

J. J. Leonard and H. F. J. J. Leonard and H. F. DurrantDurrant--WhyteWhyte, , Directed Sonar Sensing for Mobile Robot Navigation. Directed Sonar Sensing for Mobile Robot Navigation. 
Boston, MA: Boston, MA: KluwerKluwer Academic Publishers, 1992.Academic Publishers, 1992.

E. E. FiorelliFiorelli, P. , P. BhattaBhatta, and N. E. Leonard, , and N. E. Leonard, ““Adaptive sampling using feedback control of an Adaptive sampling using feedback control of an 
autonomous underwater glider fleet,autonomous underwater glider fleet,”” Proceedings of the International Unmanned Untethered Proceedings of the International Unmanned Untethered 
Submersible Technology SymposiumSubmersible Technology Symposium, Durham, NH, 2003., Durham, NH, 2003.

S. I. S. I. RoumeliotisRoumeliotis and G. A. and G. A. BekeyBekey, “Distributed , “Distributed multirobot multirobot localization,” localization,” IEEE Transactions on IEEE Transactions on 
Robotics and AutomationRobotics and Automation, vol. 18, no. 5, pp. 781, vol. 18, no. 5, pp. 781––795, 2002.795, 2002.

A. C. Sanderson, “A distributed algorithm for cooperative navigaA. C. Sanderson, “A distributed algorithm for cooperative navigation among multiple mobile tion among multiple mobile 
robots,” robots,” Advanced RoboticsAdvanced Robotics, vol. 12, no. 4, pp. 335, vol. 12, no. 4, pp. 335––349, 1998.349, 1998.

H. Singh, J. H. Singh, J. CatipovicCatipovic, R. Eastwood, L. , R. Eastwood, L. FreitagFreitag, H. , H. HenricksenHenricksen, F. Hover, D. , F. Hover, D. YoergerYoerger, J. , J. 
Bellingham, and B. Moran,  Bellingham, and B. Moran,  ““An integrated approach to multiple AUV communications, navigatioAn integrated approach to multiple AUV communications, navigation n 
and docking,and docking,”” in in Proceedings of the OCEANS 96 MTS/IEEE Conference,Proceedings of the OCEANS 96 MTS/IEEE Conference, pp. 59pp. 59--64,64, Fort Fort 
Lauderdale, FL, September 1996.Lauderdale, FL, September 1996.

Y. Yu, R. Y. Yu, R. GovindanGovindan, D. , D. EstrinEstrin, , ““Geographical and Energy Aware Routing: a recursive data Geographical and Energy Aware Routing: a recursive data 
dissemination protocol for wireless sensor networksdissemination protocol for wireless sensor networks””, UCLA CS Department Technical Report, , UCLA CS Department Technical Report, 
CSDCSD--TRTR--0101--0023, May 2001.0023, May 2001.
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Unsolved ProblemsUnsolved Problems

Sensors and Sensor Sensors and Sensor 
NetworksNetworks
RealReal--time, autonomous sensor time, autonomous sensor 

networksnetworks
MultisensorMultisensor fusionfusion

MobilityMobility
Single and Single and multivehiclemultivehicle
Localization and mappingLocalization and mapping
Energy managementEnergy management

Architecture and ControlArchitecture and Control
Autonomous and Autonomous and teleoperationteleoperation
Distributed control and CommunicationsDistributed control and Communications
Behavioral and modelBehavioral and model--basedbased

Algorithms, Planning, and Algorithms, Planning, and 
ReasoningReasoning
Multiscale SpatialMultiscale Spatial--Temporal reasoningTemporal reasoning
Adaptive behavior and adaptive samplingAdaptive behavior and adaptive sampling
Improved models and modelImproved models and model--basedbased

reasoningreasoning
Estimation and uncertainty managementEstimation and uncertainty management

HumanHuman--System InteractionSystem Interaction
VisualizationVisualization
Decision support and risk analysisDecision support and risk analysis
Educational roleEducational role

Achieve distributed, energy efficient sensing, control, 
communications, and localization in large-scale mobile 
networks, and link to environmental process models.
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Research Goals for Federal InvestmentsResearch Goals for Federal Investments

Group Research ProgramsGroup Research Programs
Sensor and sensor network developmentSensor and sensor network development
Mobile platform development Mobile platform development –– multivehiclemultivehicle systemssystems
Algorithm and architecture developmentAlgorithm and architecture development

Cooperative LargeCooperative Large--Scale ProgramsScale Programs
Environmental Domains and NeedsEnvironmental Domains and Needs

E.g. Rivers and Estuaries, Air, SoilE.g. Rivers and Estuaries, Air, Soil
Environmental Field FacilitiesEnvironmental Field Facilities

Focused programs and deploymentFocused programs and deployment
Engineering Analysis NetworksEngineering Analysis Networks

Cooperative Cooperative cyberinfrastructurecyberinfrastructure
MultiMulti--disciplinary coordination disciplinary coordination –– MultiagencyMultiagency coordinationcoordination

E.g, Engineering, environmental science, biology,E.g, Engineering, environmental science, biology,
computer science, oceanographycomputer science, oceanography

Defense and Security ApplicationsDefense and Security Applications
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Accomplishments Outside U.S.Accomplishments Outside U.S.

JapanJapan
Lake Lake BiwaBiwa Research InstituteResearch Institute

Key Investigator:  Prof.  Key Investigator:  Prof.  Kumagai Kumagai 
Area:  Mobile robotics for monitoring of lakesArea:  Mobile robotics for monitoring of lakes

University of TokyoUniversity of Tokyo
Key Investigator:  Prof. Key Investigator:  Prof. UraUra
Area:  Development of Area:  Development of AUV’sAUV’s for oceanographic observationfor oceanographic observation

EuropeEurope
CNRSCNRS

Key Investigator:  Prof. Maria Joao Key Investigator:  Prof. Maria Joao RendesRendes
Area:  Signal and information processing; Adaptive samplingArea:  Signal and information processing; Adaptive sampling

South AmericaSouth America
EULA (Center for Environmental Sciences, Universidad de EULA (Center for Environmental Sciences, Universidad de ConcepcionConcepcion, , 

Chile)Chile)
Key Investigator:  Dr. Oscar Key Investigator:  Dr. Oscar ParraParra
Area:  Monitoring and preservation of wilderness water resourcesArea:  Monitoring and preservation of wilderness water resources
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Opportunities for International Cooperation  Opportunities for International Cooperation  

Shared InfrastructureShared Infrastructure
SensorsSensors
Mobile PlatformsMobile Platforms

Methods and AlgorithmsMethods and Algorithms
Dynamic MonitoringDynamic Monitoring
Adaptive SamplingAdaptive Sampling

Environmental DomainsEnvironmental Domains
Oceans and Coastal RegionsOceans and Coastal Regions
Rivers, Estuaries, and LakesRivers, Estuaries, and Lakes
Air Air 
SoilSoil


