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Scientific Data Workflows
● What are they?
● Why use them?
● Some more detail in the context of Kepler

○ www.kepler-project.org
● Some pointers to other workflow systems
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Scientific Data Workflows –
Why Would You Use Them
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Large Hadron Collider generates 15 petabytes 
(15 million gigabytes) of data annually... 
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Scientific Data Workflows –
Why Would You Use Them
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Tsunami related data archive has gone from 5 GB to 
1700+ GB , with standards compliant metadata online 
to support the modeling, mapping and assessment 
activities required to minimize the effect of tsunamis. 
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Scientific Data Workflows –
Why Would You Use Them
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The Strategic Plan for the U.S Integrated Earth 
Observation System directly support the efforts of more 
than 70 countries who are working together --
interconnecting a diverse and growing array of 
instruments and systems for forecasting changes in the 
15 global environment 
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Scientific Data Workflows –
Why Would You Use Them
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Daily ingest of 2+ terabytes (TB) of Satellite 
instrument data... Over 4.9 petabytes (PB) 
are archived. 
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Scientific Data Workflows –
Why Would You Use Them
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What were the key points in “Scientific Data Management”?

We are drowning in Data, but starving of Information... 
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Problems that can be found in current scientific projects include:

• Limited file and directory naming schemes. Some project data repositories are simply big flat 

directories ( No Logical Organization!) 

• No access to important metadata in scientists' notebooks and heads. 

• Un-owned data with dubious content after the end of project or PhD thesis. 
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What is a workflow?
● General definition: series of tasks performed to produce a final outcome

○ E.g. following a recipe to bake a pie

● Scientific workflow – “data analysis pipeline”

○ Automate tedious jobs that scientists traditionally performed by hand for each dataset 

○ Process large volumes of data faster than scientists could do by hand 
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Background: Business Workflows
● Example: planning a trip 
● Need to perform a series of tasks: book a flight, reserve a hotel room, arrange 

for a rental car, etc. 
● Each task may depend on outcome of previous task 

– Days you reserve the hotel depend on days of the flight 
– If hotel has shuttle service, may not need to rent a car 

e.g. tripit, expedia, booking, etc. 
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Workflow Elements
● Task executions – Specify a series of tasks to run – Outputs from one task 

may be inputs for another 

● Task scheduling – Some tasks may be able to run in parallel with other 
tasks 

16
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What about scientific workflows
● Perform a set of transformations/ operations on a scientific dataset 
● Examples (Data Mining examples) 

– Generating images from raw data 
– Identifying areas of interest in a large dataset 
– Querying a web service for more information on a set of objects 
– Many others... 
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More on Scientific Workflows
● Formal models of the flow of data among processing components 
● May be simple and linear, or more complex 
● Can process many data types: 

– Archived data
– Streaming sensor data
– Images (e.g., medical or satellite) 
– Simulation output
– Observational data 

18
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Challenges
● Questions: 

– What may be some challenges for scientists implementing 
scientific workflows? 

– What are some challenges to executing these workflows? 

19
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Challenges
● Mastering a programming language 
● Visualizing the workflow, end-to-end 
● Sharing/exchanging that workflow, updating it 
● Dealing with data formatting 
● Locating datasets, services, or functions (input and outputs, 

metadata...) 
● Example: What really happened to the software on the Mars 

Pathfinder spacecraft?
https://www.rapitasystems.com/blog/what-really-happened-to-the-software-on-the-mars-
pathfinder-spacecraft
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e.g. Kepler Scientific Workflow Management System

● Graphical interface for developing and executing scientific 
workflows 

● Scientists create workflows by dragging and dropping 
● Automates low-level data processing tasks 
● Provides access to data repositories, compute resources, 

workflow libraries 
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Benefits of Scientific Workflows

● Documentation of aspects of analysis is much esier
● Visual communication of analytical steps helps the user
● Ease of testing/debugging
● Reproducibility
● Reuse of part or all of workflow in a different project

22
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Benefits of Scientific Workflows

● Integration of multiple computing (deployment) 
environments

● Automated access to distributed resources via web 
services and Cloud technologies

23
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Why not just use a script?

● Scripts do not (usually) specify low-level task scheduling and 
communication 

● Often are very platform-dependent 
● Can’t be easily reused 
● May not have sufficient documentation to be adapted for another 

purpose 
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Why is a GUI useful?

● No need to learn a programming language 
● Visual representation of what workflow does • Allows you 

to monitor workflow execution
● Enables user interaction
● Facilitates sharing of workflows 
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The Kepler Project - https://kepler-project.org/

● Goals 
○ Produce an open-source scientific workflow system

■ enable scientists to design scientific workflows and execute them 

○ Support scientists in a variety of disciplines
■ e.g., biology, ecology, astronomy 

○ Important features
■ access to scientific data
■ flexible means for executing complex analyses
■ enable use of Grid-based approaches to distributed computation
■ semantic models of scientific tasks
■ effective UI for workflow design

26
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The Kepler Project - https://kepler-project.org/
● Opportunities for parallel execution 

– Fine-grained parallelism
– Coarse-grained parallelism 

● Current ‘plumbing’ approaches to distributed execution 
– workflow acts as a controller 

• stages data resources
• writes job description files
• controls execution of jobs on nodes 

– requires expert understanding 
● Scientists need to focus on just the computations 

– try to avoid plumbing as much as possible 
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Managing Data Heterogeneity?
● Data comes from heterogeneous sources 

○ Real-world observations 
○ Spatial-temporal contexts 
○ Collection/measurement protocols and 

procedures 
○ Many representations for the same information 

(count, area, density) 
○ Data, Syntax, Schema, Semantic heterogeneity

28

● Discovery and “synthesis” (integration) performed manually 
○ Discovery often based on intuitive notion of “what is out there”

○ Synthesis of data is very time consuming, and limits use 
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Scientific workflow systems support data analysis

KEPLER
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Composite 
Component
(Sub-
workflow)

Loops often used in SWFs; e.g., in genomics and bioinformatics 
(collections of data, nested data, statistical regressions, ...) 

A simple Kepler workflow

(T. McPhillips)



Tetherless World Constellation

Workflow runs PhylipPars 
iteratively to discover all of the 
most parsimonious trees.

UniqueTrees discards 
redundant trees in each 
collection.

Lists Nexus files
to process (project) Reads text files Parses Nexus format

Draws 
phylogenetic trees

PhylipPars 
infers trees
from discrete, 
multi-state
characters.

A simple Kepler 
workflow

(T. McPhillips)
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An example workflow run, executed as a Dataflow Process NetworkA simple Kepler 
workflow
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Provenance Framework 
● Provenance

○ Tracks origin and derivation information about scientific 
workflows, their runs and derived information (datasets, 
metadata…)

● Types of Provenance Information:
○ Data provenance

■ Intermediate and end results including files and db references
○ Process (=workflow instance) provenance

■ Keep the workflow definition with data and parameters used in the run
○ Error and execution logs
○ Workflow-design provenance
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Kepler Provenance Recording Utility

• Parametric and customizable 
– Different report formats
– Variable levels of detail

• Verbose-all, verbose-some, medium, on 
error

– Multiple cache destinations
• Saves information on

– User name, Date, Run, etc…
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Some other workflow systems

● SCIRun
● Sciflo
● Triana
● Taverna
● Pegasus
● Some commercial tools: 

○ Windows Workflow Foundation

○ Mac OS X Automator
http://www.isi.edu/~gil/AAAI08TutorialSlides/5-Survey.pdf
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Data Stewardship
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Now …. Data Stewardship

● Combining multiple data life cycle, management aspects together
● Why it is important
● Some examples

37
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Why it is important
● To reuse data you need:

○ The ability to read the underlying sources, e.g. the data formats, metadata formats, knowledge 
formats, etc.

○ The ability to know the inter-relations, assumptions and background information.

● Providing these capabilities is the responsibility of data producers!

● Much of the value of a dataset is in its reuse, so without good stewardship, 
the value of data is diminished.

38
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How to encourage data reuse

● Documentation
○ Metadata, provenance, etc.

● Ancillary Information
○ Reference tables, detailed experiment results, etc.

● Information products
○ Visualizations, statistical summaries, etc.

39
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Who does this?

● Roles:

○ Data creator

○ Data analyst

○ Data manager

○ Data curator

40
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How it is done

● Creating and populating Archive Information Packages!

● Producing data management plans and documentation!

● Annotating digital products (data, code, etc.)

● Documenting physical processes (sensors, instruments, etc.)

41
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Data-Information-Knowledge Ecosystem

42

Data Information Knowledge

Producers Consumers

Context

Presentation
Organization

Integration
Conversation

Creation
Gathering

Experience
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During Data Acquisition
● Learn / read what you can about the developer of the means of 

acquisition
○ Documents may not be easy to find

○ Remember bias!!!

● Document things as you go

● Have a checklist (see the Data Management list) and review it often

43
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Management
● Creation of logical collections

○ The primary goal of a Data Management system is to abstract the 
physical data into logical collections. The resulting view of the data is a 
uniform homogeneous library collection.

● Physical data handling

○ This layer maps between the physical to the logical data views. Here 
you find items like data replication, backup, caching, etc.

44
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Management

● Interoperability support

○ Normally the data does not reside in the same place, or various data 
collection (like catalogues) should be put together in the same logical 
collection.

● Security support

○ Data access authorization and change verification. This is the basis of 
trusting your data.

● Data ownership

○ Define who is responsible for data quality and meaning

45
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Management

● Metadata collection, management and access.

○ Metadata are data about data.

● Persistence

○ Definition of data lifetime. Deployment of mechanisms to counteract technology 
obsolescence.

● Knowledge and information discovery

○ Ability to identify useful relations and information inside the data collection.

46
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Management

● Data dissemination and publication

○ Mechanism to make aware the interested parties of changes and 
additions to the collections.

47
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20080602 Fox VSTO et al.
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Data Curation
● Consider the “changes” in the organization and presentation of the 

data
● Document what has been (and has not been) done
● Consider and address the provenance of the data to date, you are 

now THE next person in the workflow…
● Be as technology-neutral as possible
● Look to add information and meta-information

49
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Data Preservation

● Usually refers to the latter part of data life cycle
● Archiving is only one component
● Intent is that ‘you can open it any time in the future’ and that ‘it will be 

there’
● This involves steps that may not be conventionally thought of
● Think 10, 20, 50, 200 years (or 1 hour!) …. looking historically gives 

some guide to future considerations

50
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Some examples and experience

● NASA, NOAA
● Earth Science Information Partners (ESIP)
● Library community
● Note:

○ Mostly in relation to publications, books, etc. but some for data

○ Note that knowledge is in publications but the structural form is meant 
for humans not computers, despite advances in text analysis, NLP

○ Very little knowledge is in structured form.
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However…

● Even groups like NASA do not have a governance model for this work
● Governance: is the activity of governing. It relates to decisions that 

define expectations, grant power, or verify performance. It consists 
either of a separate process or of a specific part of management or 
leadership processes. Sometimes people set up a government to 
administer these processes and systems. (wikipedia)
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Who cares…
● Stakeholders:

○ NASA for integrity of their data holdings (is it their responsibility?)

○ Public for value for and return on investment

○ Scientists for future use (intended and un-intended)

○ Historians
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Back to why you need to…
● Data you collect should be reusable by others when you go on to 

something else.

● That’s why someone on the team must address life-cycle (data, 
information and knowledge) and work with other team members to 
implement organizational, social and technical solutions to the 
requirements.

● So, when it comes to data curation, how do we know what is what?
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(Digital) Object Identifiers

● Object is used here so as not to pre-empt an 
implementation, e.g. resource, sample, data, catalog

○ DOI = http://www.doi.org/, e.g. 10.1007/s12145-008-0001-8 – visit 
crossref.org and see where this leads you.

○ URI, http://en.wikipedia.org/wiki/Uniform_Resource_Identifier e.g.
http://www.springerlink.com/content/0322621781338n85/fulltext.pdf

○ XRI (from OAIS), http://www.oasis-open.org/committees/xri
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And not least … Versioning

● Is a key enabler of good preservation
● Is a tricky trap for those who do not conform to 

written guidelines for versioning
● http://en.wikipedia.org/wiki/Revision_control
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Summary
● The progression toward more formal encoding of science workflow, 

and in our context data-science workflow (dataflow) is substantially 
improving data management

● Awareness of preservation and stewardship for valuable data and 
information resources is receiving renewed attention in the digital age
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Readings:
Choose 2:
● Identifying Content and Levels of Representation in Scientific Data [46]
● Introduction to Data Management [47]
● Changing software, hardware a nightmare for tracking scientific data [48]
● Scientific Workflows and Artificial Intelligence [49]
● Comparison of workflow software products, Krasimira Stoilova ,Todor Stoilov [50]
● Scientific Workflow Systems for 21st Century, New Bottle or New Wine? [51]
● OCLC Sustainable Digital Preservation and Access [52]
● Preservation and Access of NOAA Open Data [53]
● NITRD publications/reports [54]
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Thanks!
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