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Grand ChallengesGrand Challenges
in Ecologyin Ecology

•• Alterations in Alterations in 
biodiversitybiodiversity……exotic species, exotic species, 
infectious diseaseinfectious disease

•• Altered Altered biogeochemical biogeochemical 
cyclescycles at multiple spatial at multiple spatial 
scalesscales

•• Climate changeClimate change and and 
variability, including variability, including 
ecosystem responseecosystem response to to 
changechange

•• Coupled Coupled humanhuman--natural natural 
ecosystemsecosystems



EcoinformaticsEcoinformatics

•• Field dataField data
•• New data collection techniques: in situ sensor arraysNew data collection techniques: in situ sensor arrays
•• RemotelyRemotely--sensed imagerysensed imagery
•• Large and/or widely distributed data setsLarge and/or widely distributed data sets
•• Data heterogeneity (text, Excel, GIS, DB, image, etc.)Data heterogeneity (text, Excel, GIS, DB, image, etc.)
•• Scaling issues: space, time, levelsScaling issues: space, time, levels

Understanding the environment around us will require the 
use of all of the information available to us



Informatics ChallengesInformatics Challenges

•• Data are Data are heterogeneousheterogeneous
–– PhysicalPhysical
–– Structural/logicalStructural/logical
–– SemanticsSemantics

•• From many disciplinesFrom many disciplines
–– Biodiversity surveys, hydrology, atmospheric chemistry, Biodiversity surveys, hydrology, atmospheric chemistry, 

spatial data, spatial data, behavioralbehavioral experiments,experiments,……
–– Data on economics, demographics, legal issues,Data on economics, demographics, legal issues,……

•• Data are Data are distributeddistributed
•• Data are Data are undocumented/poorly documentedundocumented/poorly documented
•• Cultural barriersCultural barriers to data sharingto data sharing



SEEKSEEK

•• SEEK is a research project designed to SEEK is a research project designed to 
address the challenges of data address the challenges of data 
integration in ecologyintegration in ecology
–– NSF CISE (Computer and Information NSF CISE (Computer and Information 

Science and Engineering) Information Science and Engineering) Information 
Technology Research (ITR)Technology Research (ITR)

–– 5 years (currently in year 3)5 years (currently in year 3)
–– Proposed by the Partnership for Proposed by the Partnership for 

Biodiversity Informatics (PBI)Biodiversity Informatics (PBI)
–– IT research: data integrationIT research: data integration
–– BroadBroad--scale biodiversity applications: scale biodiversity applications: 

ecological niche modeling, biodiversity ecological niche modeling, biodiversity 



Collaborators Collaborators 
Partnership for Biodiversity Informatics (PBI)

Knowledge Network
For

Biocomplexity



SolutionsSolutions

•• Ecological Metadata LanguageEcological Metadata Language
(EML)(EML)

•• MorphoMorpho
–– metadata and data metadata and data 

management softwaremanagement software

•• MetacatMetacat
–– distributed data systemdistributed data system
–– registries: KNB, UCNRS, OBFS, registries: KNB, UCNRS, OBFS, 

NCEAS, PISCO, LTERNCEAS, PISCO, LTER

•• EcoGridEcoGrid
–– integrating distinct data integrating distinct data 

systems and networkssystems and networks

•• KeplerKepler
–– gridgrid--enabled scientific enabled scientific 

PBI/KNB

PBI/SEEK



What is SEEK?

Kepler analysis & modeling system

EcoGrid distributed resource system

Semantic mediation system (glue)

System development:

Working groups:

Knowledge Representation (KR) => ontologies (semantics)
Taxonomic Nomenclature (Taxon) => taxonomy resolution
Biodiversity and Ecologic Analysis and Modeling (BEAM)
Education, Outreach and Training (EOT)
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Scientific WorkflowsScientific Workflows



•• ScriptingScripting
–– Single environmentSingle environment
–– Single platformSingle platform
–– Automated proceduresAutomated procedures

•• Visual modeling (Stella)Visual modeling (Stella)
–– Drag & drop iconsDrag & drop icons
–– Linking arrowsLinking arrows

•• Scientific WorkflowsScientific Workflows
–– CrossCross--platformplatform
–– CrossCross--environmentenvironment
–– Distributed data & analysesDistributed data & analyses

KeplerKepler Workflow SystemWorkflow System
/**********Set Variables*********/
&echo &on
/**********Call Routines*********/
&call setup
&echo &off
&return
/*********Routine SETUP*******/
&routine setup

w d:\tmndvi
grid
&s retcode = [close -all]
/*****images*****/

&s count = [filelist z* gridlist.txt -grid]
&if %count% <= 0 &then &return error generating list of grids.
&s filenum = [open gridlist.txt retcode -read]
/*separate into cool/warm season files
&do i = 1 &to %count%

&s gridname = [read %filenum% retcode]

gridclip %gridname% temp cover mcbox
kill %gridname% all
rename temp %gridname%

&end
&s retcode = [close %filenum%]

quit
&return



The The KeplerKepler Scientific Workflow Scientific Workflow 
SystemSystem

•• Based on Ptolemy II Visual Based on Ptolemy II Visual 
SystemSystem

–– Developed by electrical Developed by electrical 
engineering community as a engineering community as a 
visual visual dataflowdataflow programming programming 
applicationapplication

–– Hierarchical, Hierarchical, nestednested workflows workflows 
(actors) and (actors) and 

–– explicit explicit computation modelscomputation models, , 
e.g., continuous time, discrete e.g., continuous time, discrete 
event, etc.event, etc.

•• KeplerKepler addsadds
–– Generic & domainGeneric & domain--specific specific 

actor libraries (R, nicheactor libraries (R, niche--
modeling, modeling, phylogeneticsphylogenetics, etc.), etc.)

–– EMLEML--based metadata toolsbased metadata tools
–– EcoGridEcoGrid access/queryaccess/query
–– Distributed ExecutionDistributed Execution
–– WebWeb--service supportservice support
–– Ontology and integration Ontology and integration 

support support 
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Grid: Data and Grid: Data and 
ComputeCompute

•• Modes of interactionModes of interaction
–– ClientClient--serverserver
–– Fully distributedFully distributed
–– PeerPeer--toto--peerpeer

•• EcoGridEcoGrid RegistryRegistry
–– Node discoveryNode discovery
–– Service discoveryService discovery

•• Aggregation servicesAggregation services
–– Centralized accessCentralized access
–– ReliabilityReliability
–– Data preservationData preservation



SEEK SEEK EcoGridEcoGrid

•• Allow diverse environmental data systems to interoperateAllow diverse environmental data systems to interoperate
–– Integrate diverse dataIntegrate diverse data networks from ecology, biodiversity, networks from ecology, biodiversity, 

and environmental sciences and environmental sciences 
–– Hide complexityHide complexity of underlying systems using lightweight of underlying systems using lightweight 

interfacesinterfaces

•• Data systemsData systems
–– Systems contribute by implementingSystems contribute by implementing

EcoGridEcoGrid GridGrid--service interfaces service interfaces 
–– Prototypes exist for: Prototypes exist for: MetacatMetacat, SRB, , SRB, 

and and DiGIRDiGIR

•• Supports multiple XMLSupports multiple XML--basedbased
metadata standardsmetadata standards
–– EML & Darwin Core as fociEML & Darwin Core as foci



EcoGridEcoGrid registered registered 
data show up in data show up in 
KEPLERKEPLER

Grid query

Grid get



MetadataMetadata
DisplayDisplay



SourcesSources



Query BuilderQuery Builder



More WF PlumbingMore WF Plumbing



Web ServiceWeb Service

•• Web => User goes to a URL and Web => User goes to a URL and 
downloads what they needdownloads what they need

•• Web application => User goes to a URL Web application => User goes to a URL 
and launches an application at a and launches an application at a 
remote site, then downloads the resultsremote site, then downloads the results

•• Web service => Software at userWeb service => Software at user’’s s 
terminal finds the appropriate terminal finds the appropriate 
resource, goes to that URL, gets/does resource, goes to that URL, gets/does 
what is needed and returns it to the what is needed and returns it to the 
terminal for continued processing, terminal for continued processing, 
seamlessly, hidden from userseamlessly, hidden from user



Web & grid servicesWeb & grid services
Service-oriented architecture (SOA)

Message format (SOAP/XML)
Network transport of data (HTTP)
Service interface description (WSDL)EcoGrid

Registry



ExampleExample

search()

get()

3. Return service 
description

4. Execute search,
handle response

5. Execute get,
handle response

WSDL
search(session, query)
get(session, identifier)

1. Publish

EcoGrid

2. Find 
service



Kepler: web services Kepler: web services 
accessaccess



A grid service is a web service plus
•Security
•State management (tracking sessions across multiple requests) 
•Factory services (allowing many clients to connect)
•Lifecycle management (persisting the service over outages)
•And more…

Grid servicesGrid services



Kepler: grid services accessKepler: grid services access
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Semantic MediationSemantic Mediation

Semantic = Of, or related to, meaning in language
Mediation = Mediation is a process in which a third-party neutral acts as a 
facilitator to assist in resolving a dispute between two or more parties

Semantic mediation = Process of resolving differences of meaning [in 
datasets or other entities] through an third-party facilitator

•Identical terms mean different things
•Different terms mean the same thing (synonyms)
•Terms are related in some other way

Dataset and tool characteristics:
•Can be described using terms (e.g. biomass, count, occurrence, beta diversity)
•Those terms are usually embedded in free text documentation (or left 
undocumented) and abbreviated in dataset schemas
•The terms [and abbreviations] represent concepts that must be captured and 
understood in order to determine how the data and/or tools may be integrated



ExampleExample



Data Integration LevelsData Integration Levels

•• Physical LevelPhysical Level
–– A dataset consists of one or more A dataset consists of one or more 

physical files that are stored in a physical files that are stored in a 
particular format (for example, commaparticular format (for example, comma--
delimited ASCII text, binary, etc)delimited ASCII text, binary, etc)

•• Logical LevelLogical Level
–– Defines the structure of the data, how it Defines the structure of the data, how it 

is logically organized (order of is logically organized (order of 
rows/columns)rows/columns)

•• Semantic LevelSemantic Level
Conceptual meaning of the dataConceptual meaning of the data

With detailed metadata



Analysis Integration Analysis Integration 
LevelsLevels

•• Physical LevelPhysical Level
–– An analytic step is a particular software An analytic step is a particular software 

implementation that takes and implementation that takes and 
produces physical dataproduces physical data

•• Logical LevelLogical Level
–– Defines the structure of input and Defines the structure of input and 

outputoutput
•• Semantic LevelSemantic Level

–– Uses ontological information to Uses ontological information to 
conceptually define the analytic step conceptually define the analytic step 
(for discovery and integration)(for discovery and integration)



Knowledge Knowledge 
RepresentationRepresentation

Encoded 
Model 

Andrews LTER

•An approach for encoding a 
conceptual model 

•For the purpose of automated, 
intelligent reasoning



Expressiveness Reasoning
Capability

Natural 
language Ontologies

All encodings are necessarily imprecise and inaccurate, because 
the only completely precise and accurate representation of reality 
is reality itself.

The “best” encoding depends on the objective of the user…

Types of EncodingTypes of Encoding

Semantic
Networks



What is an Ontology?What is an Ontology?

•• It depends on who you ask!It depends on who you ask!
–– We focus on the dataWe focus on the data--management management 

viewview
Generally speaking, an ontology specifies specifies 
a conceptual modela conceptual model by definingefining and 
relatingrelating generic conceptsgeneric concepts representing 
features of the real or abstract world 
(within a domain of interest)

•Specified in a formal way, in a computer-
readable language
•Using certain allowed constructs from set theory
•So that logic can be used to automate integration



Ontology exampleOntology example

Measurement

Units

has Measured
Property

Measurement
Method

Measurement
Context

has has
has

Biomass

isa

Point Count

Weigh

isa isa Spatial
Context

Temporal
Context

Taxonomic
Context

isa isa
isa

Density

Mass

isa
isa

Area

isa

Count

isa

has
isa



SetsSets

Set A 
Has properties x, y, z

Subset B
Has properties a, b, c

A has x, y, z
B isa A
=> B has x, y, z



SetsSets

MassMeasurements
Has properties x, y, z

Dataset 2
STEM  LEAF  LIT
###     ###   ###

Dataset 1
BMASS

###BiomassMeasurements

LitterStems
Leafs

TotalBiomass

Necessary & Sufficient: Stems + Leafs + Litter

“Annotation”

•Time and effort to build the ontology
•Requires domain & IT collaborative work
•Time and effort to annotate the datasets
•Payoff is in reusability***



SetsSets

MassMeasurements
Has properties x, y, z

Dataset 2
AREA   COUNT
###        ### 

Dataset 1
BMASS

###

BiomassMeasurements

LitterStems
Leafs

TotalBiomass

Measurements

CountDensity
Area

“Annotation”

DNS DtoB
constraints

Given Area & Count => TotalBiomass
Under given constraints
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Productivity ExampleProductivity Example
Mental ModelMental Model Biomass Temp Soil Et al.== f (

C Concept

Climate Temp

Soil

Biomass 

Merge Model Graph
Conceptual WorkflowConceptual Workflow

AS AS ASAS

TS

TSTS
SS

SS
DS

DS

DS TS

TS
TS Transformation 

Step

Sharing StepSS

Executable WorkflowExecutable Workflow

AS Analysis Step

Data StepDS

AS AS ASAS
DS

DS

DS

Abstract WorkflowAbstract Workflow

“Views”



TechnologyTechnology--enabledenabled
Mental ModelMental Model Biomass Temp Soil Et al.== f (

C Concept

Climate Temp

Soil

Biomass 

Merge Model Graph
Conceptual WorkflowConceptual Workflow

AS Analysis Step

Data StepDS

AS AS ASAS
DS

DS

DS

Abstract WorkflowAbstract Workflow

AS AS ASAS

TS

TSTS
SS

SS

DS

DS

DS TS

TS
TS Transformation 

Step

Sharing StepSS

Executable WorkflowExecutable Workflow

Ontologies

Automate 
executable TS

Data Discovery Analysis Discovery

Workflow design

Semantic Mediation System
Kepler Workflow System

Semi-automatic 
data integration

Semantic
Annotation
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Prototype ProjectsPrototype Projects

BroadBroad--scale analyses:scale analyses:
•• Ecological niche modelingEcological niche modeling

–– Complex workflow using multiple software Complex workflow using multiple software 
environmentsenvironments

–– Genetic algorithm uses many, diverse Genetic algorithm uses many, diverse 
data streamsdata streams

–– Computation intensiveComputation intensive
•• Biodiversity/productivityBiodiversity/productivity

–– Integration of complex, heterogeneous Integration of complex, heterogeneous 
field datafield data



Ecological Niche co og ca  c e 
ModelingModeling

Geographic Space Ecological Space

Projection back onto geography

Native range prediction

Climate change prediction

Results used for 
integration with 

other data realms 
(e.g., human 
populations, 
public health, 

etc.)

Geospatial and 
remotely sensed 

imagery

Vegetation class
Precipitation

Modified from B. Michener

ecological niche modeling

vegetation class

Model of niche in ecological 
dimensions

pr
ec

ip
ita

tio
n

Model type:
•Linear regression (GRASP)
•Genetic algorithms (GARP)

Biodiversity information 
… e.g., data from 

museum specimens



Ecological Niche Ecological Niche 
ModelingModeling

Environmental
Characteristics
from gridded
GIS layers

Known 
Species Locations

Temperature layer

Many other layers

Environmental
Change

Prediction

Future Scenarios
Of Environmental
Characteristics

Invasion
Area

Prediction

Environmental
Characteristics
Of Different

Geographic Area

Native
Distribution
Prediction

Environmental
Characteristics

Of Surrounding
Geographic Area

Develop
Model

Multidimensional
Ecological Space

D1 = Temperature

D2 Dn



Ecological Niche Ecological Niche 
ModelingModeling

Genetic
Algorithm
(GARP)
Model

2200, 16…13
2320, 14…11
1535, 22…15
…
1823, 18…12

Integrated data:

Sample 3, lat, long, absence

Sample 2, lat, long, presence

Sample 1, lat, long, presence

Elevation (m)

Vegetation cover type

Mean annual temperature (C)

…and potentially many more environmental layers Predicted
Distribution

Access File
Excel File



MammalMammal
ProjectProject

Climate Climate 
ChangeChange
AnalysisAnalysis

21 GCM scenarios,
including all IPCC scenarios

2 major evolutionary-computing
algorithms (GA and NN)

2-3 dispersal 
scenarios

• 100 models/species
•2 algorithms: GARP/NN
• 200,000 – 400,000 models
•20 sec/model = 1500+ hours

• Test large-scale implementation 
of Kepler



Abstract WorkflowAbstract Workflow

IPCC future
climate scenarios

(S = 21)

GARP model training 
& prediction of

present distribution (P)

Sample
Data
2 sets

Calculate
model
error

Select
best

models 
(m)

Testing data sample set

Combine
prediction
results =>
probability

map

Calculate
ROC

probability
threshold

& generate
binary

presence/
absence

map

Dispersal
analysis

For
each

S
integrated

with T 

2

2

Predict
future

distribution
(F) from
model

For
each
P & F

prediction
from 

models (m)
= 22

For
each
model
in m

For
i =

1 to n
n = # 

of models

MaNIS
Species 
Locations

(L)

Hydro1k
topographic
layers (T)

n = 4

Convex
Hull

Mask
IPCC 

present
climate

layers (C)
n = 7 Restructure

Restructure

Rescale
Projection

Extent
Grain

Input
Parameters

Append
layers

Append
datasets

Store points
as ASCII

For
each

T

For
each

C

Rescale
values

For
each

C, S & T

EcoGrid query 
through Kepler

Legend

1

1

RestructureFor
each

S

Filter out
If n < X, 
where n = count of occurrences

X is user defined

Convert
layers

to binary

Occurrence Points

Gridded layers:
Climate
Topography

Modeling

Prediction

GIS: GDAL/Java

Kepler
Native

C R

GIS/R?



Executable WorkflowExecutable Workflow



Executable WorkflowExecutable Workflow



Data PreprocessingData Preprocessing

IPCC future
climate scenarios

(S = 21)
MaNIS
Species 
Locations

(L)

Hydro1k
topographic
layers (T)

n = 4

Convex
Hull

Mask
IPCC 

present
climate

layers (C)
n = 7 Restructure

Restructure

Rescale
Projection

Extent
Grain

Input
Parameters

Append
layers

Append
datasets

Store points
as ASCII

For
each

T

For
each

C

Rescale
values

For
each

C, S & T

1

RestructureFor
each

S

Filter out
If n < X, 
where n = count of occurrences

X is user defined

Convert
layers

to binary

Given:
Formally annotated input data
Formally annotated actor input ports
Semi-auto/auto data/actor integration?

Sample
Data

MaNIS
table of
points



Data & actor integrationData & actor integration

Sample
Data

Semantic Level

Spatial
Ontology:

point

Spatial
Ontology:

raster
Spatial

Ontology:
spatially-equal

Spatial
Ontology:

spatially-contains
Spatial

Ontology:
raster

Spatial
Ontology:
longitude

Spatial
Ontology:
latitude

Data Type
Ontology:

rescaled byte

Observation
Ontology:
property

parameters

Sample
Data

Structural Level

matrix[x, y]2-dimensional matrix 

List of 1-dimensional 
vectors, one vectpr per 

environmental layer
x & y inferred from position in vector

list(vector[z])

Sample
Data

106.789098, 33.454606;
106.789097, 33.454606; 
…

33.454606, 106.789098, 56.25;
33.454606, 106.789097, 56.37;
…

33.454606, 106.789098, 56.25;
33.454606, 106.789097, 56.37;
…

56.25  57.23  54.66  55.56  53.25
56.37  52.29  53.52  53.55  56.21
…

Data as
comma-delimited,

plain text file

Syntactic Level

Data as
binary

parameters

Issues:
•Ontology development
•KR expertise of person 
doing the annotating
•Scalability?

Nuts & bolts for:
•Constructing the ontologies
•Implementing the SMS



TimelineTimeline

•• TimelineTimeline
Initial outreach (Apr 03)

Task analysis (Aug 03)

Workflow specification (Feb 04)

Training, plan functionality (Dec 04)

Oct 03 Oct 04 Oct 05 Oct 06Oct 02 Oct 07

Mammal project results (Spring 06?)

Design follow up analyses (Summer 06?)



2nd Project Selection 2nd Project Selection 
CriteriaCriteria

•• Syntax and schema Syntax and schema 
transformations, semantic transformations, semantic 
conversionconversion

•• Use biodiversity and productivity Use biodiversity and productivity 
field datafield data

•• Conceptual link with ENM Conceptual link with ENM 
project (niche project)project (niche project)

•• Use biodiversity indices Use biodiversity indices 
(demonstrate R)(demonstrate R)

•• Expand the group of domain Expand the group of domain 



Abstract WorkflowsAbstract Workflows

Cleland scripts

Data integration tool
•Data annotation
•User-guided mapping
•Archive final 



IssuesIssues

 
Site 
code 

System Type 
and Location 

Experiments 
(Community 
Types) 

N amt 
(g /m2/yr)

Form 
of N 

Time N 
added 

Trt plot 
(m2) Rep #

Resp
Meas 

Smpl 
area 
(m2) Duration

Year 
used 

ARC 
Arctic tundra, 
Toolik Lake, 
AK 

5 types: dry heath 
(2 locations), moist 
acidic tussock, 
moist nonacidic 
tussock, moist 
tussock tundra 

10
NH4-
NO3 

pellets
June

20, 100, 
100, 100, 

20 

16 (2 
true 

reps), 
3, 4, 3, 

16 (2 
true)

Cover 
(visual) 1

1985, 89, 
89, 97, 

85 - 
present

14, 
10, 

10, 5, 
14

CRP 

Coastal salt 
marsh, 
Carperteria, 
CA 
 

5 zones dominated 
by different species 

420  (y1), 
840 (y2- 

3) *

Urea 
and 

NH4 
pellets

April 
and Nov 0.25 10 Cover 0.25 1999-

present 3

CDR 

Sand 
prairie/old 
field, Cedar 
Creek Natural 
History Area, 
MN 

2 sites abandoned 
from agriculture 
1957 (last 
crop=soybean) or 
1934 (last 
crop=corn) 

9.52
NH4-
NO3 

pellets

Mid-May 
and 

mid-
June

16 6 Bio-
mass 0.3 1982-

present

Avg 
17-
19† 

 

Biomass

Cover

Biomass
calc

Species

Parameter
site

Biomass = f(cover)

Spatial scale

Spatial resolution

#

Treatment
Codes



TimelineTimeline

•• TimelineTimeline
Initial outreach (Jul 04)

Integration task analysis (Oct 04)

Integration task analysis (Mar 05)

Oct 03 Oct 04 Oct 05 Oct 06Oct 02 Oct 07

Ontology basic framework (Sep 05)
Josh Madin hired

Prototype annotation (Jun 05)

Prototype tools (???)
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EcoinformaticsEcoinformatics TrainingTraining
•• October 20 October 20 –– November 2, 2002 November 2, 2002 –– SevilletaSevilleta
•• October 27 October 27 –– November 7, 2003 November 7, 2003 –– SevilletaSevilleta
•• January 4January 4--9,2004 9,2004 –– SevilletaSevilleta
•• September 28September 28--30, 2004 30, 2004 –– University of Santa BarbaraUniversity of Santa Barbara
•• October 17 October 17 -- 30, 2004 30, 2004 –– UNMUNM
•• January 3January 3--7,2005 7,2005 –– UNMUNM
•• February 2February 2--4, 20054, 2005–– UNMUNM
•• October 31 October 31 –– November 11, 2005 November 11, 2005 –– UNMUNM
•• January 9January 9--13, 2006 13, 2006 –– UNMUNM
•• October 16October 16--27, 2006 27, 2006 –– La La SelvaSelva Biological Station, CRBiological Station, CR
•• January xx, 2007January xx, 2007
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