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“Intelligent systems must incorporate existing scientific knowledge
and the user’s context. This would enable novel forms of reasoning
and learning about geosciences phenomena.”
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Long-term persistent autonomy with hybrid AUV gliders and chemical sensing
AUV gliders have begun to blur AUV class distinctions by
combining active thrust and buoyancy. Hybrid glider with an
embedded decision architecture that assimilates data to
generate and continuously update an environmental model of
the study site could allow for long term site monitoring. An
AUV glider can operate as a reconnaissance platform in coastal
zones to autonomously identify benthic areas for follow up
investigation with a higher resolution sensor. Combing this
with in-situ mass spectrometry can quantitatively identify a wide range of dissolved

• Scalable'geospa,al'temporal'pa0ern'matching'
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3D image data classification
The recent success of convolutional neural networks (CNNs) in tasks such as image
recognition, object detection and semantic scene recognition has spurred a renewed
interest in multi-layer hierarchal feature learning in the computer vision
community. One of the most exciting aspects of research in this direction is that
network architectures such as CNNs alleviate the need for domain specific feature
engineering. Such methods, which learn feature representations directly from the
data, are thus desirable because they can be applied to a multitude of input
modalities, and are not limited to 2D RGB data.
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Optical Autonomous Underwater Vehicles and SLAM
Underwater vehicles, capable of high precision navigation and equipped with
downward-looking stereo cameras, can recover bathymetry at fine resolutions over
relatively large, contiguous extents of seafloor. Measures derived from these
surveys make it possible to obtain dense coverage over larger spatial extents more
rapidly than with human divers. Given that the surveys and calculations can be
performed without humans, a potential source of measurement bias is eliminated.
Furthermore, the submersibles and the navigation systems proposed in this grant
would provide the ability for easy repeat transects, making it possible to revisit an
area of interest for monitoring purposes.
A great deal of work has been done in the
domain of 3D mapping for underwater vehicles and
this work has established the practicality of
performing georeferenced mapping, using SLAM
(Simultaneous Localization and Mapping),
followed by post-processed 3D reconstruction.
An example of the state-of-the-art in offline
models generated with AUV data appears at
right.
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Optical Autonomous Underwater Vehicles and SLAM
Underwater vehicles, capable of high precision navigation and equipped with
downward-looking stereo cameras, can recover bathymetry at fine resolutions over
relatively large, contiguous extents of seafloor. Measures derived from these
surveys make it possible to obtain dense coverage over larger spatial extents more
rapidly than with human divers. Given that the surveys and calculations can be
performed without humans, a potential source of measurement bias is eliminated.
Furthermore, the submersibles and the navigation systems proposed in this grant
would provide the ability for easy repeat transects, making it possible to revisit an
area of interest for monitoring purposes.
A great deal of work has been done in the
domain of 3D mapping for underwater vehicles and
this work has established the practicality of
performing georeferenced mapping, using SLAM
(Simultaneous Localization and Mapping),
followed by post-processed 3D reconstruction.
An example of the state-of-the-art in offline
models generated with AUV data appears at
right.
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3D image data classification
The recent success of convolutional neural networks (CNNs) in tasks such as image
recognition, object detection and semantic scene recognition has spurred a renewed
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data, are thus desirable because they can be applied to a multitude of input
modalities, and are not limited to 2D RGB data.
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Long-term persistent autonomy with hybrid AUV gliders and chemical sensing
AUV gliders have begun to blur AUV class distinctions by
combining active thrust and buoyancy. Hybrid glider with an
embedded decision architecture that assimilates data to
generate and continuously update an environmental model of
the study site could allow for long term site monitoring. An
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environmental phenomenon,
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Intelligent Systems Research:
Recent Impact
IBM Watson

Google Knowledge Graph

Apple Siri

RoboCup Soccer
Tesla AutoPilot

https://en.wikipedia.org/wiki/Watson_(computer)#/media/File:IBM_Watson.PNG
https://en.wikipedia.org/wiki/Siri#/media/File:SirioniOS9.png
https://commons.wikimedia.org/wiki/File:Google_Knowledge_Panel.png
https://commons.wikimedia.org/wiki/File:13-06-28-robocup-eindhoven-005.jpg
http://www.greencarreports.com/news/1100482_tesla-autopilot-the-10-most-important-things-you-need-to-know
https://en.wikipedia.org/wiki/Netflix#/media/File:NetflixDVD.jpg

Netfix Recommenders

Workshop Goals
Synthesize a vision and roadmap for intelligent systems
research that will provide new capabilities to advance
geosciences

• Build on momentum of the EarthCube initiative
• Informed by existing cyberinfrastructure efforts
• Build new bridges to connect GEO and CISE/IIS communities
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Why is Geosciences Exciting for
Intelligent Systems Researchers?
Data:










Uncertain
Spatiotemporal
Intermittent, sparse
Heterogeneous
Small sample size
High dimensionality
Multi-resolution, multi-scale
Tolerance of measurement
Lack of ground truth

Information:
 Process-centered
 Physical/geological/

chemical/biological/
ecological/anthropomorphic
phenomena
 Objects and processes have
amorphous spatial/temporal
boundaries
 Contextualized by rich
background knowledge

Significant Ongoing IS-GEO
Interactions
 CCC’s Visioning workshops
 Spatial Computing 2020

(Shekhar, Knoblock, Banerjee)

 Uncertainty in computation

 NSF CISE Expeditions awards
 Climate (Kumar)
 Sustainability (Gomes)

 NSF GEO/CISE EarthCube

 AGU Earth Science

Informatics sessions:
semantics, workflows, data
mining,…

 Informatics conferences

(environmental informatics,
etc.)

 Climate Informatics
workshop series

 Machine reading (Peters)
 Semantic Web and linked data

 AAAI and IJCAI Sustainability

(Hsu, Arko, Cheatham)
 Software metadata (Gil, Peckham)

 Discovery Informatics

 Other NSF awards: GEON, HIS,
etc.

tracks

symposium series
 http:www.discoveryinformatics
initiative.org

EarthCube Projects with Intelligent
Systems Components
 BCube is using semantic

technologies to map terms and
data across diverse resources

 Earth System Bridge is

developing ontologies and
representations of essential
variables and assumptions to
map across model
representations

 EarthCollab is using semantic

and linked data technologies to
represent and connect people,
projects, data, and documents

 GeoDeepDive is using natural

language processing techniques
to extract structured geolocated information from
published articles

 GeoLink is creating a linked

open data repository that uses
semantic web representations
to create open web objects with
geoscience data

 GeoSemantics is using a graph
knowledge base to connect and
reason about geoscience
objects

 GeoSoft is using ontologies to
describe scientific software
metadata, and intelligent user
interfaces to assist users to
publish and describe their
software

Novel Language Processing Methods to
Extract Paleo Data from Papers
[S. Peters, U Wisconsin]

A novel machine reading system, GeoDeepDive, that extracts space-time
indexed information from the literature and integrate it with existing
paleogeosciences data focusing on the rock record. It extracted more
information than what was obtained through a compendium manually
assembled by Jack Sepkoski over more than 10 years [Peters et al 2014].

Machine-Compiled Fossil Database

Machine-Compiled Fossil Database

Macrostrat(

Literature(

Expeditions: Novel Machine Learning to
Discover Teleconnections
[V. Kumar, U. Minnesota]
A novel machine learning method, Shared Reciprocal Nearest Neighbor
(SRNN), applied to automatic discovery of new teleconnections, which
are pairs of remote regions that have negatively correlated temporal
behavior [Kawale et al 2013].
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Tablet-Based Augmented Reality: Exploring
Remote Locations
[D. Krum, USC]
• Low-cost tablet-based virtual reality displays
• Virtual presence in inaccessible or previously visited
locations
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1) Data Collection:
Geoscience Drivers
Collection at all scales at all times is not possible
 Cost
 Physical constraints of the instrument
Science drivers:
 Optimization theory
 Statistical experimental design
 Dynamic sensor steering
 Active sampling
 Selective heuristic sampling
 Adaptive resolution
 Sensing interleaved with processing
 Model sensitivity analysis to reconfigure data collection
 Maximize reuse of data beyond original intent
 Automated inclusion of metadata

1) Data Collection:
Intelligent Sensor Dashboards
Optimization in experimental design
Real-time steering of sensors
Dynamic reconfiguration of sensors
Automatic detection of interesting events
Automatic metadata annotation
Integrated data collection and analysis
Immersive data exploration interfaces

2) Data Integration:
Geoscience Drivers
Earth systems are integrated, but our current geoscience
datasets and models are not

 Science drivers:
 Integrating across varying coverage, scale, resolution
 Handling idiosyncratic formats of individually collected datasets
 Mapping related data across domains (eg geological samplebased data vs geophysical models)
 Space-time as core organization of data
 Capture and reuse of data integration pipelines
 Pushing data that is hard to discover to relevant scientists

 Extracting and integrating data from the literature

2) Data Integration:
Information Ecosystems
Automated characterization of datasets
Reuse of data integration pipelines
Scalable data integration
Search and retrieval of datasets
Data recommender systems
Exploiting the published literature

3) Data Analysis:
Geoscience Drivers
Collecting large amounts of data may be possible, but it is a tiny
amount given the complexity of geoscience phenomena

 Science drivers:





Combine model-driven and data-driven approaches
High-dimensionality phenomena while small sample sizes
Multi-scale behaviors
Non-linear dynamical systems, non-stationary behavior, longmemory processes, and phase transitions
 Atypical behavior and extreme events
 Quantifying uncertainties and identifying their nature
 Variability of processes
 Limited availability of data
 Reuse of data or models in new locales
 Limited availability of ground truth

3) Data Analysis:
Theory-Guided Learning
ML algorithms cognizant of physical laws
Non-parametric approaches
Predictive modeling for extreme events
Quantifying uncertainties of models
Adaptive sampling and active learning
Causal models for explanation/inference
Evaluation in absence of ground truth

4) Data Visualization:
Geoscience Drivers
Geoscientists are visual thinkers, so visualizations should
be used throughout data processing and integrate the
science context

 Science drivers:






Visualizations available at every step
Interacting with models and data simultaneously
Capturing common interaction steps
Direct manipulation
Virtual reality

4) Data Visualization:
Interactive Workspaces

Visualization-centered workspaces
Intelligent design of visualizations
Automatic generation of visualizations
Interactive modeling environments
Intelligent workflows for exploration
Low-cost virtual reality interfaces

5) Data Processing:
Geoscience Drivers
Data processing frameworks should minimize human effort
to harness the incredible diversity of geosciences data, which
encompasses multiple disciplines, scales, and methodologies

 Science drivers
 Data processing should be efficient
 Processes captured as reusable workflows
 Enough metadata to be reproducible
 Provenance of data from collection to publication
 Open publication of all research products

5) Data Processing:
Open Reproducible Science
Capturing workflows with data/software
Automated metadata generation
Provenance management
Open publication of science products
Reproducibility & reusability of processes
Trusted research assets with ratings
Recommendations of research assets
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Earth
Systems
Processes
that Cross
the Land/
Ocean
Interface

Urban
Geosystem
Science

High
Latitude
OceanAtmosphere
-IceEcosystem
Interactions
and
Processes

The Origin
and
Evolution of
Earth

Opportunities across scales

Forecasting rates of sea level
change in polar ice shelves
Intelligent Sensors
•
•
•
•
•

Autonomous sensors to collect data in extreme and difficult environments
Automatic detection of interesting events
Real-time steering of sensors
Adapt sampling through dynamic reconfiguration (eg transition zone)
Integrated data collection and analysis

Geoscientists will be able to:
Understand processes, like sea level rise, by collecting
information about feedbacks between ocean circulation and
wind patterns
Quantify rates of change with data from transition zones under
the ice shelves collected by untethered, sensing robots
Analyze sea ice calving events and species migrations by
filling data gaps and proactively seeking patterns

(Image from Skinner, 2015)

Polar Sciences Grand Challenge for IS:
Sensing in Remote Inhospitable Locations

Earth Sciences Grand Challenge for IS:
From Local to Regional/Global
Unlock Deep Earth Time and
understand what drives plate tectonics
Integrated information ecosystems
•
•
•
•

Interconnecting single-investigator data
Rapid sharing and discovery for many sites and data types
Recommend potentially relevant data and information
Event and pattern detection in geo-referenced data

Geoscientists will be able to:
Understand the signals and structural relationships that
explain how plate tectonics start
Trace events from early planet formation using integrated
field observations to diagnose how tectonic processes work
Gain insight into co-evolution of life and tectonics through
integrating georeferenced data from different disciplines

Predictive capacity for critical events

Theory-Guided Learning
•
•
•
•

Physics-informed feature selection
Theory-guided model formulation and refinement
Characterization of extreme events
Quantifying model uncertainty

Geoscientists will be able to:
Characterize complex physical processes mixing
turbulence, dispersion, diffusion, non-stationarity,…
Provide early warning for geohazardous events like
hurricanes, wildfires, flooding, and drought
Characterize uncertainty to develop new
interpretations about physical system behavior

(Image from Che et al, 2015)

Atmospheric Grand Challenge for IS:
High-Dimensional Multi-Scale Data

Oceans Grand Challenge for IS:
Comprehensive Understanding of Interacting Processes
Ocean-Land-Atmosphere-Ice Interactions
Interactive Workspaces
•
•
•
•
•

Visualization-centered workspaces to integrate models
Interactive exploration of data, models, and context
Intelligent workflows for exploration and coupling
Automated generation of visualizations
Low-cost virtual reality environments

Geoscientists will be able to:
Identify global drivers in ocean biogeochemical and physical
processes to understand shifts and rates of change
Explore couplings of separate models, phenomena,
regions, and events
Synthesize wholistic models of the Earth system, e.g.,
carbon, climate, etc

IS-GEO opportunities across scales
Interactive Workspaces
• Synthesis studies
• Wholistic approaches
• High-level research questions

Theory-Driven Learning

• Large but minuscule datasets
• Extreme events
• Multiple scales

Information Ecosystems
• Many locations & data types
• Georeferenced & curated data
• Discover interlinked events

Model-Driven Sensing
• Selective data collection
• Inaccessible locations
• Optimize experimental design
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The Need for Geoscience-Aware
Intelligent Systems
 Intelligent systems need to incorporate

process-centered geoscience knowledge about
phenomena and the science context
 Knowledge about physical, geological, chemical,
biological, ecological, and anthropomorphic
factors
 Knowledge about the scientist’s research goals
and context

 This would enable novel forms of reasoning,

integrating, visualizing, managing, and learning
with geosciences data

An Example: Deep Learning Guided by
Geosciences Knowledge

Laplacian prior constructed based on:
(a) physical processes
(b) the location adjacency matrix

3-5% improvement in
prediction performance

A Research Agenda for Intelligent Systems
Robotics and Sensing

Machine Learning

Model-Driven
Sensing

Theory-Guided
Learning

Optimizing collection
Unanticipated uses
Active sampling
Crowdsourcing
Virtual sensing

Information Integration

Trusted
Threads
Distributed repositories
Threaded resources
Recommender systems
Trust and provenance
Literature extraction

Knowledge
Representation & Capture

Knowledge
Maps
Scientific metadata
Spatio-temporal processes
Interoperation and diversity
Assisted authoring
Automated extraction

Incorporating knowledge
Combining simulation
Modeling extremes
Evaluation methodologies
Active learning

Intelligent User Interfaces

Interactive
Analytics
Visualization-rich processes
Intelligent design
Immersive visualizations
Interactive Model Building
Spatio-temporal interfaces
Assistance and automation
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General Findings and Recommendations

Transformative
Effect of ISGEO
Collaborations

Sustaining and
Broadening ISGEO
Interactions

Growing an ISGEO Research
Community

Facilitating ISGEO
Communication
and Education

1) Transformative Effect of
IS-GEO Collaborations
Findings
 Ongoing IS-GEO interactions
have produced significant
contributions with
transformative effects and
broad impact
 Innovative robotic devices

(IS) to explore ocean floor
(GEO)
 Semi-automated data
integration (IS) on
geospatial datasets (GEO)
 Learning irregularities (IS) in
climate data (GEO)

Recommendations
 Increasing IS-GEO

collaborations would
expand research
contributions in both IS
and GEO, with significant
transformative impact on
both areas

 Sustained funding

programs that support
interdisciplinary research

2) Sustaining and Broadening
IS-GEO Interactions
Findings
 IS-GEO interactions have
been limited
 Some support from

EarthCube, programs
 Some community workshops
 In IS forums mostly on
machine learning
 In GEO forums mostly on
semantics and metadata

 This limits the potential for
new research and
collaborations

Recommendations
 Funding programs that
will sustain IS-GEO
collaborations

 Set up special research

coordination networks and
annual events to foster ISGEO interaction

3) Growing an
IS-GEO Research Community
Findings
 The learning curve in

significant IS-GEO
collaborations requires
effort that must pay off
through long-term
collaborations

 Long-term collaborations
are hard to set up

Recommendations
 Sustained multi-year

funding programs would
attract many more
researchers

 Reducing the learning curve
through community-led
activities:
 Synthesis of generalizable

problems, priorities, and
expected impact
 Repository of datasets and
challenge problems

4) Facilitating
IS-GEO Communication and Education
Findings
 The basis for new

collaborations is:
 Understanding problems
 Understanding existing
solutions
 IS-GEO design of possible
new approaches

Recommendations
 Develop curated

collections of crossdisciplinary learning
materials:
 A cross-indexed glossary
 A repository of self-study

materials
 An educational catalog
 Programs and curricula
 Teaching materials
 Instructor interviews to
share best practices and
lessons learned

Outline
 Workshop goals and planning
 The opportunity
 Initial synthesis
 Geoscience drivers
 Intelligent systems research challenges
 Recommendations
 Forming a community: planned follow ups
 Conclusions

Post-Workshop Activities
IS Forums

GEO Forums

Climate Informatics
Workshop with
keynotes by EbertUphoff and Gil, Panel
on Encoding climate
knowledge into climate
learning

GSA oral presentation
about IS-GEO workshop,
convened by Tikoff,
Pierce, and Gil

Workshop on Capturing
Scientific Knowledge at
ACM Knowledge
Capture Conference
convened by Gil and
Ebert-Uphoff

AGU session, convened
by Pierce and Ravela,
with oral presentations
from Lermusiaux,
Peters, Pankratius,
Zanzerkia

Forming a Community:
Short-Term Follow Up

Outline
 Workshop goals and planning
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 Initial synthesis
 Geoscience drivers
 Intelligent systems research challenges
 Recommendations
 Forming a community: planned follow ups
 Conclusions

Conclusions
 Intelligent	
  systems	
  have	
  demonstrated	
  signiﬁcant	
  transforma;ve	
  

impact	
  in	
  the	
  commercial	
  sector	
  
 Approaches	
  are	
  powerful	
  yet	
  inadequate	
  for	
  geosciences	
  
 A	
  new	
  genera)on	
  of	
  intelligent	
  systems	
  needs	
  to	
  emerge	
  with	
  a	
  
much	
  deeper	
  understanding	
  of	
  the	
  physical	
  laws	
  that	
  provide	
  
context	
  and	
  structure	
  to	
  the	
  data	
  
 These	
  “geoscience-‐aware	
  intelligent	
  systems”	
  pose	
  novel	
  research	
  
challenges	
  for	
  intelligent	
  systems	
  researchers	
  
 Knowledge	
  representa;on,	
  robo;cs	
  and	
  sensors,	
  ML,	
  informa;on	
  
integra;on,	
  intelligent	
  interfaces,…	
  	
  

 The	
  essence	
  of	
  these	
  advances	
  requires	
  that	
  intelligent	
  systems	
  and	
  
geosciences	
  researchers	
  work	
  together	
  	
  
 Major	
  investments	
  in	
  this	
  area	
  have	
  the	
  poten)al	
  to	
  have	
  
transforma)ve	
  impact	
  in	
  intelligent	
  systems	
  research,	
  and	
  at	
  the	
  
same	
  )me	
  have	
  transforma)ve	
  impact	
  in	
  geosciences	
  as	
  well	
  as	
  in	
  
other	
  science	
  disciplinesbo	
  

http://is-geo.org

2015 NSF Workshop on
Intelligent Systems for Geosciences

“Intelligent systems must incorporate existing scientific knowledge
and the user’s context. This would enable novel forms of reasoning
and learning about geosciences phenomena.”
Interactive
Workspaces
Theory-Guided
Learning

Robotics and Sensing

Machine Learning

Model-Driven
Sensing

Theory-Guided
Learning

Optimizing collection
Unanticipated uses
Active sampling
Crowdsourcing
Virtual sensing

Information Integration

Information
Ecosystems

Model-Driven
Sensing

Trusted
Threads
Distributed repositories
Threaded resources
Recommender systems
Trust and provenance
Literature extraction

Knowledge
Representation & Capture

Knowledge
Maps
Scientific metadata
Spatio-temporal processes
Interoperation and diversity
Assisted authoring
Automated extraction

Incorporating knowledge
Combining simulation
Modeling extremes
Evaluation methodologies
Active learning

Intelligent User Interfaces

Interactive
Analytics
Visualization-rich processes
Intelligent design
Immersive visualizations
Interactive Model Building
Spatio-temporal interfaces
Assistance and automation

