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Research Interests

Scientific data & workflow engineering; data integration, knowledge representation & reasoning; conceptual founda-
tions; data science tools. Current research topics include:

Modeling, design, and analysis of scientific workflows.

Optimization of data-intensive and compute-intensive workflows.
Conceptual foundations of provenance in databases and workflows.
Optimization of provenance capture and querying.

Principles and practice of data curation.

Provenance and reproducibility.

Knowledge-based data integration, knowledge representation and reasoning.
Reasoning about taxonomies and biodiversity informatics applications.
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Summary (Reporting Period: May 2017 — April 2018)

Research and Development

I joined the iSchool as a tenured professor in August 2014, and since 2015 I have been appointed Director of the Center
for Informatics Research in Science and Scholarship (CIRSS). I also hold faculty appointments (i) with the National
Center for Supercomputing Applications (NCSA) in the Computing and Data Sciences group, where I spend a good
amount of my time, due to large ongoing projects (see below), and (ii) with the Department of Computer Science,
where I am a member of the Data and Information Systems Laboratory (DAIS).

At NCSA I lead a large collaborative project CC*DNI DIBBS: Merging Science and Cyberinfrastructure
Pathways: The Whole Tale. This $4,986,951 five year project was awarded in 2016 and includes collaborators
from the University of Chicago, University of Texas at Austin, The University of Notre Dame, and the University of
California, Santa Barbara. Given the prominence that NSF assigns to certain projects, including to Whole Tale, this is
not a “regular” NSF award, but instead set up as a cooperative agreement between NSF and UIUC. As a side-effect,
there is considerable additional adminstrative effort that goes into running this project. In November 2017, the Whole
Tale team underwent the scheduled 18 month review, organized as a “reverse site visit” (RSV) at NSF. Before, during,
and after this 18 Month RSV, considerable effort was spent on planning and documentation of project activities. The
18 Month RSV was successful and NSF has since released the next increment of funding. In Spring 2019 we will
have our second (and final) 36 Month RSV. Whole Tale development is completely open (github.com/whole-tale).

A second large collaborative NSF project is NSF-SMA 1637155: RIDIR: Collaborative Research: Developing
and Deploying SKOPE - A resource for Synthesizing Knowledge of Past Environments, which was awarded in
2016, with the majority funding ($884,627) going to Illinois, and smaller collaborative awards to ASU and WSU (the
collaborative total is $1,339,658). The SKOPE project is developing and deploying an online resource for paleoenvi-
ronmental data and models. A practical (i.e., project management) challenge that this project has been dealing with
was triggered by the move of the CyberGIS group under Shaowen Wang (SKOPE co-PI) away from NCSA and to the
Department of Geography. As a result, the CyberGIS resource ROGER is no longer available to the SKOPE project.
Similarly, software development efforts have been delayed for a number of reasons (e.g., lack of developer time avail-
able from the CyberGIS team). This has required additional PI effort to supervise the project and get it back on track.
As in the case of Whole Tale, the SKOPE software development happens in the open (github.com/openskope).

The Whole Tale and SKOPE projects, as well as the (soon to be ending) Kurator project' (awarded in 2014) all
entail a significant amount of project management, e.g., to run weekly meetings, supervise developers, postdocs,
and students, or to write regular reports, etc. The nature of the research coming out of these projects is inherently
application oriented [39], [46].

In addition, I maintain a strong research interest in conceptual foundations, and technical/engineering topics. For
example, I continued work on the foundations of database provenance, with a focus on why-not provenance, where
the basic problem is to explain the absence of certain answers in the result of a query. I had earlier pioneered a
game-theoretic approach [162] with my students at UC Davis, and since my move to Illinois established a fruitful col-
laboration with colleagues at IIT Chicago. This collaboration led to the first practical implementation of provenance
games and a string of publications and new results [177, 180, 182, 183, 208]. I have also recently published a survey
on some of the practical and theoretical foundations of provenance in workflows and databases [61].

In another line of foundational research, I continue to work on the theory and applications of taxonomy alignment.
The Euler/X system I had originally developed with my former students at UC Davis [167, 202, 38, 40] continues to
be in active use, and research and development continues in various directions to consolidate, apply, and extend the
tools and methods, despite the fact that the original NSF funding has long ended. Real-world taxonomy alignment
problems solved with Euler/X include [201, 38, 40, 42, 207] and cover weevils, grasses, birds, and primates, to name
a few illustrious examples. An ambitious proposal submitted to the NSF [206], unfortuntately wasn’t funded.?

A bit closer from home for a typical iSchool audience and use cases, PhD student Jessica Cheng has demonstrated

'In Fall 2014, the NSF-ABI proposal Kurator: A Provenance-enabled Workflow Platform and Toolkit to Curate Biodiversity Data was
awarded ($748,931). This is a collaboration with Prof. James Hanken, Curator in Herpetology, and Director of the Museum of Comparative Zoology
at Harvard (collaborative total: $1.6M). In Kurator, we develop data curation technologies for natural history collections, combining workflow-based
approaches and script-based approaches that we aim to “workflow-enable” via methods developed in the YesWorkflow initiative.

2Success rates for many NSF programs are notoriously low and apparently continue to fall.
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how Euler/X can be applied when it is necessary to “agree to disagree”, using a geo-taxonomy example presented at
ASIS&T’17 [184]. Led by iSchool alumna Dr. Andrea Thomer we also published a paper [45] which applied Euler/X
to produce and visualize multiple possible worlds that capture the relation between different versions of a (subset of)
the database schema of Specify 6. The latter is a popular information systems in use by natural history museums.

We are not only exploring new directions for applying Euler/X to non-biological use cases, but also developing
new functionality for the Euler/X system and beyond. For example SPIN intern and CS undergraduate student Sahil
Gupta has developed a novel Possible Worlds Explorer that can be used to explore multiple possible worlds (answer
sets of logic rules with negation in the body and disjunction/choice in the head). This student is also currently finishing
a first reimplementation of Euler/X called LeanEuler.

Another important area of my research is data curation technologies, specifically scientific workflows and other
related (script-based) approaches to automating data curation workflows. Driven by practical needs in data curation
and workflows, I started a new grass-roots project YesWorkflow (YW) [37] that is already seeing early adoption by
DataONE community members doing climate modeling, archaeologists [39], bioinformaticians, and HPC users.> The
YesWorkflow project is an example how with little funding and/or leveraging existing projects, one can incubate
grass-roots projects that have the potential to lead to new research projects (and funding!) down the road. A critical
issue here for the iSchool is to futher the culture and expand the informatics research capabilities through IS, CS, and
informatics students and postdocs. Recent publications related to YesWorkflow include [179] and [212].

Last not least, after a number of prior attempts, our IMLS National Forum proposal (Limited Access/Use TDM)
was finally awarded. The goal of IMLS National Forum: Data Mining Research Using In-copyright and Limited-
access Text Datasets is to shape a research and implementation agenda for researchers and libraries content providers.
This project is co-led by Beth Sandore Namachchivaya (now at the University of Waterloo), Megan Senseney (iSchool),
and myself. We held a successful meeting in Chicago in early April of 2018 and are now continuing a number of ac-
tivities started during the forum meeting.

3Liudmila Mainzer, a senior research scientist at NCSA and the HPCBio group has begun exploring the use of YW for scripts managing HPC
jobs on Blue Waters.
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Teaching

The first course I taught at the iSchool was LIS452LE: Foundations of Information Processing in LIS. Both the new
MS/IM program at the iSchool, as well as the MCS/DS program at the CS department, created a demand for a new
course on data wrangling / data cleaning. In response to this need, I have been developing a new course IS 532:
Theory & Practice of Data Cleaning and its Coursera-based companion CS 513 at the CS department. The course has
been evolving over the last few years, as no standard curriculum or syllabus for this course has been readily available.
In the current semester (Spring 2018), some new materials based on R and Python were created “on the fly”, but
additional efforts are needed over the summer to consolidate and further improve these course materials.

Courses taught

e LIS 452 Foundations of Information Processing in LIS (Python-oriented; based on Vetle’s course)
o IS 532 (formerly: LIS 590): Theory & Practice of Data Cleaning

e CS 513 (formerly CS 598): Theory & Practice of Data Cleaning (Courserabased, for MCSDS)

e IS 592 Independent Study

e IS 599 Thesis Research

CS 397 Independent Study
CS 499 Senior Thesis

Other teaching

e Digital Humanities at Oxford Summer School (2016): Humanities Data: A HandsOn Approach; Hands on Data
Quality, Provenance, Reproducibility

e 3l1st Brazilian Symposium on Databases (SBBD): Tutorial: Provenance in Databases and Scientific Workflows
e DataONE Webinar: Provenance and DataONE: Facilitating Reproducible Science

e iDigBio Webinar: Towards userdefinable, semiautomated workflows for curating biodiversity data

Postdoc mentoring
e Dr. Yang Cao (DataONE project)

e Dr. Qian Zhang (Kurator project)

Independent studies at UITUC
e Cheng, Jessica (IS)

e Gupta, Sahil (CS)

e Jiang, Xiaoliang (IS)

e Lan, Li (IS)

e Senseney, Megan (IS)

e Shrivastava, Pratik (IS)

e Wang, Qiwen (IS)



NCSA SPIN interns mentored

e Wang, Qiwen (2017, Regular Path Query to SQL compiler)

e Gupta, Sahil (2017, Possible Worlds Explorer for Answer Set Programming)
e Laskowski, Aubrey (2017, Counting Monotone Boolean Functions)

e Nath, Nitesh (2016, Parallel Computation of Dedekind numbers)

e Hugq, Solaman (2015, Finding Minimum Inconsistent Subset)

DataONE interns mentored

e Lee, Seokki (upcoming 2018, CS PhD student at IIT, Chicago)

e Lyu, Hui (2017, MS LIS graduate at UIUC, now CS PhD student at UPenn)
e Hoang, Linh (2017, LIS PhD student at UIUC)

e Vu, Duc (2016, ECE PhD student at UIC)

e Yoo, Michael (2015, CE student at UIUC)

e Song, Tianhong (2014, CS PhD student at UC Davis)

Whole Tale interns mentored

e NunezCorrales, Santiago (upcoming 2018, I3 PhD student at UTUC)
e Cheng, Jessica (upcoming 2018, LIS PhD student at UIUC)

e Lan, Li (upcoming 2018, MS/IM student at UIUC)

e Shrivastava, Pratik (2017, MS/IM student at UIUC)

ICES evaluations Most recent evaluations (see separate documents for additional evaluations and details):
o IS 590 (Theory & Practise of Data Cleaning), Fall 2017 (19 out of 21 students, i.e., 90.5% reporting):

— Rate the instructor’s overall teaching effectiveness: 4.58 (5)
— Rate the overall quality of this course: 4.47 (5)

— How much have you learned in this course? 4.58 (5)



Service

Since 2015 I am the Director of the Center for Informatics Research in Science and Scholarship (CIRSS). CIRSS aims
to foster research collaborations among iSchool faculty and researchers in a number of informatics research areas. In
addition to organizing the well-established CIRSS seminar, colleagues who want to brainstorm new research directions
or submit research proposals are encouraged to team up with CIRSS colleagues. We also offer some support for
proposal preparation and budget planning etc. My service to the iSchool and beyond during the report period includes:

iSchool
e Member, Doctorial Studies Committee

e Member, Admissions Committee

Campus
e Member, iDSI Steering Committee (Illinois Data Science Initiative)

e Member, NCSA Search Committee (Deputy Director)

Other Professional

e Peer] Editorial Board Member

e NSF panelist (National Science Foundation)
e ISF reviewer (Israel Science Foundation)

e [PAW PC member

e SSDBM PC member

e VLDB PC member (demo track)

e ESWC PC member

e Reviewer, Distributed and Parallel Databases



Research Projects & Funding

Active Awards

e IMLS National Forum: Data Mining Research Using In-copyright and Limited-access Text Datasets: Shaping
a Research and Implementation Agenda for Researchers, Libraries Content Providers, $99,536. 7/1/17-
6/30/18. PI; co-PIs: Beth Sandore Namachchivaya (University of Waterloo) and Megan Senseney (Illinois), co-I
Eleanor Dickson (Illinois).

e NSF-SMA 1637155: RIDIR: Collaborative Research: Developing and Deploying SKOPE-A resource for
Synthesizing Knowledge of Past Environments, $884,627, 9/15/16-2/29/2020. PI; collaboration with ASU
($200,842) and Washington State University ($254,189); collaborative total: $1,339,658.

e NSF-ACI 1541450: CC*DNI DIBBS: Merging Science and Cyberinfrastructure Pathways: The Whole Tale,
$4,986,951, 3/1/16-2/28/21. PI; collaboration with University of Chicago; University of Texas, Austin; University
of California, Santa Barbara; University of Notre Dame.

e NSF Collaborative Research: ABI Development: Kurator: A Provenance-enabled Workflow Platform and
Toolkit to Curate Biodiversity Data, $748,931, 09/1/14-08/31/18 (NCE). PI; collaboration with Museum of Com-
parative Zoology, Harvard University.

Completed (at UIUC)

e NSF-SMA 1439603: BCC: Collaborative Research: Designing SKOPE: Synthesized Knowledge of Past En-
vironments, PI, 9/1/14— 2/28/17, $133,877; collaboration with ASU and Washington State University.

e NSF-DBI 1147273 Collaborative Research: ABI Development: Exploring Taxon Concepts (ETC) through
Analyzing Fine-Grained Semantic Markup of Descriptive Literature, $392,114, 09/01/12-08/31/17 (NCE) PI,
collaboration with University of Arizona.

e NSF-IIS 1118088: A Logic-Based, Provenance-Aware System for Merging Scientific Data under Context and
Classification Constraints, $479,194, 10/1/11-9/30/16, PI.

Completed (pre-UIUC)

o NSF/DBI: Filtered-Push: Continuous Quality Control for Distributed Collections and Other Species-Occurrence
Data, $414,822, 07/01/10-06/30/2015. PI for UCD (collaborative PI: J. Hanken, Harvard)

e NSF/SDCI Improvement: Development of Kepler/CORE — A Comprehensive, Open, Robust, and Extensi-
ble Scientific Workflow Infrastructure, $1,700,000, 10/01/2007 — 9/30/2010 , PI. (co-PIs: 1. Altintas (SDSC
subcontract), S. Bowers, M. Jones (UCSB subcontract), T. McPhillips).

e NSF/SEI(BIO)+II: A Collaborative Scientific Workflow Environment for Accelerating Genome-Scale Biolog-
ical Research, $600,139, 7/1/2006 — 6/30/2009, PI. (co-PIs: S. Bowers, P. Farnham.)

e NSFIIS: Collaborative: Core Database Technologies to Enable the Integration of AToL Information (pPOD),
$462,000, 9/2006 — 8/2010, PI. (co-Pls at UCD S. Bowers, T. McPhillips; PI of collaborative: Val Tannen, U Penn.)

e NSF/CEO-P: COMET: Coast-to-Mountain Environmental Transect, $2,158,580, 10/1/2006 —9/30/2009, co-PI.
Since 9/2008: PI (until then, PI: M. Gertz).

e NSF/CEO-P: Collaborative: Management and Analysis of Environmental Observatory Data using the KE-
PLER Scientific Workflow System (REAP), $299,041 , 10/1/2006 — 9/30/2010, PI
for UCD. (collaborative PI: M. Jones, UCSB.)



e DOE/SciDAC: DE-FC02-07ER25811: Scientific Data Management Center for Enabling Technologies (CET),
a.k.a. Scientific Data Management Center (SDM-2) $965,000, 11/15/2006 — 11/14/2011, PI for UCD. (co-PI of
SDSC subcontract: I. Altintas; PI of SDM-2: A. Shoshani.)

e DOE/SciDAC Scientific Data Management Center (SDM-1), $927,921, 8/15/2001 — 8/14/2006, PI for SDSC.
(PI of SDM: A. Shoshani, LBL.)

e DOE Center for Plasma Edge Simulation (CPES), 1/1/2006-12/31/2008, $243,181 subcontract from LBL, PI
for UCD. (PI at LBL: A. Shoshani.)

e NSF/ITR: Science Environment for Ecological Knowledge (SEEK), $2,485,683
10/1/2002 — 9/30/2008, PI for UCSD/SDSC, UC Davis. Transfer of project and remaining funds ($1,678,100) to
UC Davis Genome Center, November 1, 2004.

e NSF/ITR: Collaborative Research: GEON: A Research Project to Create Cyberinfrastructure for the Geo-
sciences (GEON), $5,627,953 , 10/1/2002 —9/30/2007, co-PI for SDSC (PI: C. Baru);
main project remained at SDSC; from 2005 — 2007: $272,000 subcontract from SDSC.

Publications

Many of the publications below are available online, see in particular my
e Google Scholar citation page,

e DBLP page, and

e Illinois Experts page.

Some of the more recent publications are also directly hyperlinked below and have a one sentence synopsis.

Journal Articles and Communications

[1] B. Ludiascher, R. Himmerdder, G. Lausen, W. May, and C. Schlepphorst. Managing Semistructured Data with
FLORID: A Deductive Object-Oriented Perspective. Information Systems, 23(8):589-613, 1998. Pergamon
(Elsevier) JOURNAL ARTICLE

[2] B. Ludischer and G. Lausen. Handling Termination in a Logical Language for Active Rules. Informatica,
9(1):65-84, 1998. special issue: 7th Advanced Course on Artificial Intelligence (ACAI), Lithuanian Academy of
Sciences, Vilnius JOURNAL ARTICLE

[3] J. Flum, M. Kubierschky, and B. Ludiischer. Games and Total Datalog™ Queries. Theoretical Computer Science,
239(2):257-276, 2000. Elsevier JOURNAL ARTICLE

[4] R. Moore, C. Baru, A. Rajasekar, B. Ludischer, R. Marciano, M. Wan, W. Schroeder, and A. Gupta. Collection-
Based Persistent Digital Archives (Part I&II). D-Lib Magazine, 6(3&4), March 2000. INVITED ARTICLE

[5] A. Paepcke, R. Brandriff, G. Janee, R. Larson, B. Ludischer, S. Melnik, and S. Raghavan. Search Mid-
dleware and the Simple Digital Library Interoperability Protocol. D-Lib Magazine, 6(3), March 2000.
INVITED ARTICLE

[6] B. Ludischer, R. Marciano, and R. Moore. Preservation of Digital Data with Self-Validating, Self-Instantiating
Knowledge-Based Archives. ACM SIGMOD Record, 30(3):54-63, 2001. JOURNAL ARTICLE

[7] G. A. P. C. Burns, K. Stephan, B. Ludéscher, A. Gupta, and R. Kotter. Towards a Federated Neuroscien-
tific Knowledge Management System Using Brain Atlases. Neurocomputing, 38—40(1-4):1633-1641, 2001.
Elsevier JOURNAL ARTICLE
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[8] M. E. Martone, A. Gupta, M. Wong, X. Qian, G. Sosinsky, B. Ludéscher, and M. H. Ellisman. A Cell-
Centered Database for Electron Tomographic Data. Journal of Structural Biology, 138(1-2):145-155, 2002.
JOURNAL ARTICLE

[9] W. May and B. Ludischer. Understanding the Global Semantics of Referential Actions Using Logic Rules.
Transactions on Database Systems (TODS), 27(4):343-397, 2002. JOURNAL ARTICLE

[10] O. Boucelma, S. Castano, C. A. Goble, V. Josifovski, Z. Lacroix, and B. Ludéscher. Scientific Data Integration
— Report on the EDBT’02 Panel. ACM SIGMOD Record, 31(4):107-112, 2002. INVITED ARTICLE

[11] A. Gupta, B. Ludéscher, J. S. Grethe, and M. E. Martone. Towards a Formalization of Disease-Specific
Ontologies for Neuroinformatics. Neural Networks, Special Issue on Neuroinformatics, 16:1277-1292, 2003.
JOURNAL ARTICLE.

[12] W. K. Michener, J. H. Beach, M. B. Jones, B. Ludéscher, D. D. Pennington, R. S. Pereira, A. Rajasekar, and
M. Schildhauer. A Knowledge Environment for the Biodiversity and Ecological Sciences. Journal of Intelligent
Information Systems, 29(1), pp. 111-126. 2005. JOURNAL ARTICLE

[13] S. A. Klasky, M. Beck, V. Bhat, E. Feibush, B. Ludéscher, M. Parashar, A. Shoshani, D. Silver, and M. Vouk.
Data Management on the Fusion Computational Pipeline. Journal of Physics: Conference Series, 16:510-520,
2005. JOURNAL ARTICLE

[14] B. Ludischer, 1. Altintas, C. Berkley, D. Higgins, E. Jaeger, M. Jones, E. A. Lee, J. Tao, and Y. Zhao. Sci-
entific Workflow Management and the Kepler System. Concurrency and Computation: Practice & Expe-
rience, 18(10):1039-1065, 2006. Introduction and overview on scientific workflows and the Kepler system.

JOURNAL ARTICLE.

[15] L Altintas, O. Barney, Z. Cheng, T. Critchlow, B. Ludischer, S. Parker, A. Shoshani, and M. Vouk. Accelerating
the Scientific Exploration Process with Scientific Workflows. Journal of Physics: Conference Series, 46:468—
478, 2006. JOURNAL ARTICLE

[16] A. Shoshani, I. Altintas, A. Choudhary, T. Critchlow, C. Kamath, B. Ludéscher, J. Nieplocha, S. Parker, R. Ross,
N. Samatova, M. Vouk, SDM Center Technologies for Accelerating Scientific Discoveries, Journal of Physics:
Conference Series 78), doi:10.1088/1742-6596/78/1/012068, 2007 JOURNAL ARTICLE

[17] A. Deutsch, B. Ludéscher, A. Nash. Rewriting Queries Using Views with Access Patterns Under Integrity
Constraints. Theoretical Computer Science, 371(3), pp.200-226, Elsevier. 2007 JOURNAL ARTICLE

[18] B. Ludischer, N. Podhorszki, I. Altintas, S. Bowers, T. McPhillips, From Computation Models to Models of
Provenance: The RWS Approach, Concurrency and Computation: Practice & Experience, special issue on the
First Provenance Challenge, 2007. JOURNAL ARTICLE

[19] S. Bowers, T. McPhillips, B. Ludéscher. Provenance in Collection-Oriented Scientific Workflows, Concur-
rency and Computation: Practice & Experience, special issue on the First Provenance Challenge, 2007.
JOURNAL ARTICLE

[20] D. Thau, B. Ludéischer, Reasoning about Taxonomies in First-Order Logic, Ecological Informatics. Vol. 2(3),
pp. 195-209, October, 2007. JOURNAL ARTICLE

[21] D. A. Batchelor, M. Beck, A. Becoulet, R. V. Budny, C. S. Chang, P. H. Diamond, J. Q. Dong, G. Y. Fu,
A. Fukuyama, T. S. Hahm, D. E. Keyes, Y. Kishimoto, S. Klasky, L. L. Lao, K. Li, Z. Lin, B. Ludischer,
J. Manickam, N. Nakajima, T. Ozeki, N. Podhorszki, W. M. Tang, M. A. Vouk, R. E. Waltz, S. J. Wang, H. R.
Wilson, X. Q. Xu, M. Yagi, and F. Zonca. Simulation of Fusion Plasmas: Current Status and Future Direction.
Plasma Science and Technology, 9(3):312-387, 2007.
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[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

J. Cummings, A. Pankin, N. Podhorszki, G. Park, S. Ku, R. Barreto, S. Klasky, C. S. Chang, H. Strauss, L.
Sugiyama, P. Snyder, D. Pearlstein, B. Ludéscher, G. Bateman, A. Kritz, and the CPES Team, Plasma Edge
Kinetic-MHD Modeling in Tokamaks using Kepler Workflow for Code Coupling, Data Management and Visu-
alization, Commun. Comput. Phys., 4 , pp. 675-702, 2008. JOURNAL ARTICLE

S. Davidson, S. Cohen-Boulakia, A. Eyal, B. Ludischer, T. McPhillips, S. Bowers, M. Anand, J.
Freire: Provenance in Scientific Workflow Systems. IEEE Data Engineering Bulletin. 30(4): 44-50 (2007)
INVITED ARTICLE

T. M. McPhillips, S. Bowers, D. Zinn, and B. Ludéscher. Scientific Workflow Design for Mere Mortals. Fu-
ture Generation Computer Systems (FGCS), 25(5):541-551, 2009. Identifies desiderata of a more user-friendly
scientific workflow design paradigm; shows how COMAD satisfies many desiderata. JOURNAL ARTICLE.

J. Cheney, P. Buneman, and B. Ludischer. Report on the Principles of Provenance Workshop. SIGMOD Record,
37(1):62-65, 2008. INVITED ARTICLE

S. Bowers, T. M. McPhillips, and B. Ludéscher. Provenance in collection-oriented scientific workflows. Concur-
rency and Computation: Practice and Experience, 20(5):519-529, 2008. Describes how the Collection-Oriented
Model of provenance in Kepler is used to solve the First Provenance Challenge. JOURNAL ARTICLE.

L. Moreau, B. Ludischer, I. Altintas, R. S. Barga, S. Bowers, S. P. Callahan, G. C. Jr., B. Clifford, S. Cohen,
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