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The Need for Provenance Management
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VisTrails and Provenance-Rich Science

Provenance in Science

Provenance is as (or more) important as the result!
Old solution: S
— Lab notebooks
New problems:
— Large volumes of data
— Complex analyses
— Writing notes doesn’t scale
New solution:

— Automated provenance capture
with user-defined annotations
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Provenance in Computational Science

Une viswalieatione or CHOP Ra1 5

Fig. 7: Using the blog o document processes: A visualization expert
created a series of blog posts W explain the problems found when pen-
erating the visuslizations for CMOP.
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Provenance Management: Desiderata
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The VisTrails System

Comprehensive provenance infrastructure for
computational tasks

Focus on exploratory tasks such as simulation,
visualization, and data analysis
— Workflows + Visualization

Transparently tracks provenance of the discovery
process---from data acquisition to visualization
— The trail followed as users generate and test hypotheses

Leverage provenance to streamline exploration
— Query and mine provenance

Focus on usability—build tools fo| g

Featured as an NSF discovery e
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Provenance in VisTrails

0000000
vtkStructuredPointsReader =
)

vtkColorTransferFunction
n)

0000000000000
vtkVolumeTextureMapper3D
n)

Design Provenance (Version Tree)

(B[LL]a]E]
vtkVolumeProperty
n)

Execution Provenance (Logging):

<module 1id="12" name="vtkDataSetReader" start time="2010-02-19 11:01:05"

end time="2010-02-19 11:01:07"> <annotation key="hash"
value="c54bea63cb7d912a43ce" /></module><module id="13"
name="vtkContourFilter" start time="2010-02-19 11:01:07"

end time="2010-02-19 11:01:08"/><module id="15"
name="vtkDataSetMapper" start time="2010-02-19 11:01:09"

ciel Eine=N 200 0=02=19 1@l i2! />
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The VisTrails System

VisTrails is open source: http://www.vistrails.org
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Climate Data Analysis

FILE VARIABLES PLOTTING
o - a S - n 10 8
Directory omee..je_data 5 @ ()| (®) Plot 150 s B
. computer cdtestt 0.xmi - a - - ”
- V196211 0000 -~ Tt B G| o
odtesti3.xmi [ ey Ppeioe | Hubry | Oury Expieaton | Seeet| Pan  Zoom
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- X-lattude s
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Flle yemanuele’srciodat_bulid'sample_datacitne H t T
1 I ry Ir
Varlablo | cit (120, 46, 72) [Total clo & Define Y - longitude e — sto y ee
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DEFINED VARBLES
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VisTrails VCDAT —Tw‘ s
S [ VisTrails Shell
VisTrails shell running Python 2.6.4 (r264:75821M, Oct 27 2009, 19:48:32) VisTrails Shell

[GCC 4.0.1 (Apple Inc. build 5493)] on darwin.

Type “copyright”, “credits” or “license” for more information on Python.
>>> import vcs, cdms2

>>> cdat = load_package(’CDAT’)

>>> cdmsfile = cdms2.open(’/home/emanuele/src/cdat_bin/sample_data/clt.nc’)
>>> data = cdmsfile(’clt’)

>>> q = cdat.quickplot()

>>> q.dataset = data

>>> run()
Main View Window

Visualization Spreadsheet

<]

[CDAT Project, Lawrence Livermore National Lab]
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mooo i}
Lla]u]
LoadAlpsHdfs _

0ooo

CollectXY
n|

EEE]
LegendDescriptor A

EEEEE]
AxisDescriptor

U
Transform
n
t
TransformProperties Yo
f
n

CO000

AxisDescriptor
Q

TransformProperties

]
ConcatenateDataSets
)

Quantum Lattice Models
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[ALPS Project, ETH-Zurich]

http://alps.comp-phys.org/mediawiki/index.php/Main_Page
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Coastal Margin Observation & Prediction

This pipeline is quite complex and allows |4/

for many interaction modes.

Filenames: Press the Pipeline button to
chagne the filenames. Of importants are
the in the GridPak
] reader module, the String module, and the
f'f &=t Wew B Integer module at the very top of the
_l ) lpipeline. The GridPakReader contains
%% information about the geometry. The
:::‘" String Module is the filename of the .nc
Q output of the simulation (I have 13 of these
y files In total) and the Integer is the specific
timestep within this file (each file contains
~10 individual timesteps for 120 in total).

Tay [Fgued

O 08.0un 2000

The cutting plane: Press 1'to activate the
s e cuting plane. As you move the plane
(click and drag on the plane surface) the
Frncares Press e
cragne me sanamer SIiCE ON the right-hand side will move to
e Sarames contaie
measer moase. na 4 f@flect this location in space. To orient the
riogesmaase st plane, move the sphere on the plane to
PEOIR. TP GNP R, e
Irfomaton about e geomey. The
S¥ing Mocule is the fierame of e nc
SUPL Of e BIMuAILOn (1 Pave 13 of Mose
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Blo %

Selct | Pan  Zsom

VisTrails Duilder - reg. v

08 10 011 50 130 Iebager 6 T spacit
Bestep wTIn D e (0ach by cortans
~18 Inshdual trseswps b 120 in total)

The cutieg plans: Press T actvale e
cuting plane. As yos move the plane

{ehck and drag on e plane suriace) o
508 00 the righi hand sice wil move o
sefioct s locatn in pace. To orent the
plane, move e 5phere cn 10 plane b

Pavea
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[NSF Science & Technology Center for Coastal Margln Observatlon & Predlctlon]

VisTrails and Provenance-Rich Science

http://www.stccmop.org/
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Comparing Cosmological Simulations

VisTrails Builder - curvatures_nice.xml

® 9| & =5 B o @
Pipeline | History Query Exploration | Select | Pan  Zoom

Tag:

20000000
VikOutiineFilter
oo

Float

VisTrails and Provenance-Rich Science

Mothods

Set Methods
Setvalue

v

Method Signature

2 wtkContourFilter

ComputeGradientsoff
ComputeGradientsOn
omputeNormalsoff
ComputeNormalsOn
ComputeScalarsoff
ComputeScalarsOn
CreateDefaultiocator ()
GenerateValues (integer,Flo.
SetArrayComponent  (Integer)
SetNumberOfContours (integer)
Setvale (integer,Flo
UseScalarTreeOff
UseScalarTreeOn

WkPolyDatadlgorthm
5 vtkalgorithm

AbortExecuteOff
AbortExecuteOn
ReleaseDataFlagOff
ReleaseDataFlagon

Integer |0

110

Juliana Freire

[Cosmic Code Comparison Project, Los Alamos National Lab]

12



Wildfire Prediction

[INSF CDI WRF-Fire Project, University of Colorado-Denver]

VisTrails and Provenance-Rich Science Juliana Freire 13



Studying the Effects of TMS on Memory
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[Psychiatry-U of Utah]
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Identifying large-scale threats to
biodiversity

[EVA Group, NSF DataONE]

Breeding season
distribution for
Savannah Sparrow

Sheet1  TTT = PE#25 ovenbird.zooms.vt 0 |

VisTrails - Spreadsheet - Untitled

Jl ‘5‘1 § Export o meu@ A;\AH 100%:<ng

Breeding distribution of
the Savannah Sparrow
on the left and the
Black-throated Blue
Warbler on the right

et 1 = TIT  PE#25 ovenbird.zooms.vt 0

N ©

VisTrails and Provenance-Rich Science Images by Daniel Fink Juliana Freire 15



Provenance and
Data Exploration



Data Exploration and Workflows

Workflows have been traditionally used to automate
repetitive tasks

In exploratory tasks, change is the norm!
— Data analysis and exploration are iterative processes

\ 4

Data Perception &
Data 4{ Workflow ]—' Product 4{ Cognition ]—' Knowledge
{Exploration}—

Data Manipulation User

A

Specification

Figure modified from J. van Wijk, IEEE Vis 2005

VisTrails and Provenance-Rich Science Juliana Freire 17



Exploration and Creativity Support

Reflective reasoning is key in the exploratory
processes

“Reflective reasoning requires the ability to store
temporary results, to make inferences from stored
knowledge, and to follow chains of reasoning
backward and forward, sometimes backtracking
when a promising line of thought proves to be
unfruitful. ...the process is slow and laborious”

Donald A. Norman

Need external aids—tools to facilitate this process
— Creativity support tools [Shneiderman, CACM 2002]

Need aid from people—collaboration

VisTrails and Provenance-Rich Science Juliana Freire
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Change-Based Provenance

Treat workflow as a first-class data item

Provenance = changes to computational tasks
- Add a module, add a connection, change a parameter value

[Freire et al., IPAW 2006]

VisTrails and Provenance-Rich Science Juliana Freire 21



Change-Based Provenance

vtkContourFilter

+ Treat workflow as a first-class
data item

+ Provenance = changes to
computational tasks

— Add a module, add a connection,
change a parameter value

addModule

deIeteConnection

addConnection

'3:/

addConnection @

setParameterJ ‘ ‘

Juliana Freire

VisTrails and Provenance-Rich Science



Change-Based Provenance

Treat workflow as a first-class
data item

Provenance = changes to
computational tasks

— Add a module, add a connection,
change a parameter value vistrail

A vistrail node v, corresponds to
the workflow that is constructed

by the sequence of actions from
the root to v,

Xy

X

N

> %

()
-

Ve =Xp© Xpgo et X D
Extensible change algebra z ] x

‘ decimate

[Freire et al, IPAW 2006] @

VisTrails and Provenance-Rich Science Juliana Freire 23



Provenance Beyond Reproducibility

+ Support for reflective reasoning
+ Ability to compare data results

sssss

eeeeeeeeeeeeeeeee
wwwwww

vitkVolumeRayCastCompositeFunction

o
“AkVolumeRayCast

[Freire et al., IPAW 2006]

VisTrails and Provenance-Rich Science Juliana Freire 24



Computing Workflow Differences

+ No need to compute subgraph
iIsomorphism!

+ A vistrail is a rooted tree: all
nodes have a common
ancestor—diffs are well-

defined and simple to
compute
Vi, = X;° X.;° ..oX,° @
Vt, = X;° Xig° .oX;o @
vt-vt, = {X;, Xy s Xq, DF -
X Xjogs s Xg, DF
+ Different semantics:
— Exact, based on ids

— Approximate, based on module
signatures

VisTrails and Provenance-Rich Science Juliana Freire




Provenance Beyond Reproducibility

Support for reflective reasoning
Ability to compare data products
Explore parameter spaces and compare results

m VisTrails Builder - terminator.xml

File Edit View Run Vistral Help
[ [ Ji=llN
) () H W= S lerl| 8 YN | Ppeline | versionTree | Query | Parameter Exploration
Modules & X — 7 Paramel ters F X
Search D Parameters I QO | search
= HTTP ]~ 4211 te vtkCamera A
w-HTP vtkContourFilter :: Setvalue X Setviewlp{(0, 0, -1)
HTTPFile SetPosition(745, -453, 369)
= VI ] Integer |0 Do SetFocalPoint(135, 135, 150)
vTKCel Float  [50 ® [0 vy @ vtkContourFilter
= vtkBaseModule Setvalue(D, 67)
(= vtkObjectBase vtkStructuredPointsReader v
i e

m VisTrails - Spreadsheet - Untitled

::::::::

FFFFF
o

aCooon

kakaka

[Freire et al., IPAW 2006]
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Exploring the Change Space

Scripting workflows: Parameter explorations are

simple to specify and apply

Exploration of parameter space for a workflow v,
(setParameter(id,, value,) - ... - (setParameter(id,, value,) - v, )

Exploration of multiple workflow specifications
(addModule(id,...) - (deleteModule(id;) - v, )

(addModule(id,...) - (deleteModule(id;) - v,, )
Results can be conveniently compared in the
VisTrails spreadsheet
Can create animations too!

Caching to avoid redundant computations [Bavoil et
al., IEEE Vis 2005]

VisTrails and Provenance-Rich Science Juliana Freire 0T



Provenance Beyond Reproducibility

Support for reflective reasoning

Ability to compare data products

Explore parameter spaces and compare results
Support for collaboration

“[ENkViSt et al., IPAW 2008]

VisTrails and Provenance-Rich Science Juliana Freire 28



Collaborative Exploration

Collaboration is key to data exploration
— Translational, integrative approaches to science

Store provenance information in a database

Synchronize concurrent updates through locking
— Real-time collaboration [Ellkvist et al., IPAW 2008]

Asynchronous access: similar to version control
systems

— Check out, work offline, synchronize

— Users exchange patches

No need for a central repository—support for
distributed collaboration

— For details see Callahan et al., SCI Institute Technical
Report, No. UUSCI-2006-016 2006

VisTrails and Provenance-Rich Science Juliana Freire 29



Change-Based Provenance: Summary

General: Works with any system that has undo/redo!

VisTrails and Provenance-Rich Science Juliana Freire 31



Provenance Enabling 3rd-Party Tools
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[Callahan et al., IPAW 2008]
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Provenance Plugin for ParaView

Provenance Explorer Plug-in
for
Kitware's ParaView 3.0

VisTrails Inc.

http://www.cs.utah.edu/~juliana/videos/paraview_plugin.avi

VisTrails and Provenance-Rich Science Juliana Freire
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Change-Based Provenance: Summary

General: Works with any system that has undo/redo!
Concise representation

Uniformly captures data and workflow provenance

— Data provenance: where does a specific data product come
from?

— Workflow evolution: how has workflow structure changed over
time?

Results can be reproduced

Detailed information about the exploration process

Provenance beyond reproducibility:
— Scientists can return to any point in the exploration space

— Scalable exploration of the parameter space—results can be
compared side-by-side in the spreadsheet

— Support for collaboration
— Understand problem-solving strategies—knowledge re-use

VisTrails and Provenance-Rich Science Juliana Freire 35



Querying and Re-Using Provenance



Querying Provenance by Example

+ Provenance is represented as graphs: hard to specify
queries using text!

+ Querying workflows by example [Scheidegger et al., TVCG
2007; Beeri et al., VLDB 2006; Beeri et al. VLDB 2007]
- WYSIWYQ -- What You See Is What You Query

— Interface to create workflow is same as to query

Pipeline Interface Query Result
K3 L B % "Apeine | version Tee | auery | Parameter exporation g8 ek O X e [ e

o es | quty | parsmter st

DDDDDD

DDDDDDD

nnnnnn

Query Interface

TOO
DODOOD N pe
vtkStructuredPointsReader . @ O
[m)n
R
FO0000000 /g"‘%(@ Q@
=<
O ‘ ,
——— N test_Files/anon_4877_ung. vtk
Contain w4877

VisTrails and Provenance-Rich Science Juliana Freire 37



Creating Workflows

+ Complex workflows are hard to assemble
- Programming expertise

— Domain knowledge

- Fammiliarity with different tools

Trails Builder - oct xmit

Steep learning curve

n View

Ble Edt Vew Run Vistral Help
DOUHMY 8 %8 e [5] O X [rpoine | versonves | ey | parameter pirat

mmmmmmmm

uuuuu

uuuuuuuu

uuuuuuuu

VikDataSetMapper

Sheet 1\ PE#1 ectxml 0
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Refining Analyses by Analogy

Leverage the wisdom of the crowds in shared
provenance

- Some refinements are common, e.g., change the
rendering technique, publish image on the Web

Apply refinements by analogy, automatically

Analogy Template Automatically constructed visualizations

VisTrails and Provenance-Rich Science Juliana Freire 39



Generating Visualizations by Analogy

[Scheidegger et al, IEEE TVCG 2007]

VisTrails and Provenance-Rich Science Juliana Freire 40
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The Need for Guidance in
Workflow Design
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VisComplete: A Workflow
Recommendation System

Mine provenance collection: Ident

fy graph

fragments that co-occur in a collection of workflows
Predict sets of likely workflow additions to a given

partial workflow

Similar to a Web browser suggesting URL

completions

[Koop et al., IEEE TVCG 2008
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VisComplete: A Workflow
Recommendation System

Mine provenance collection: Identify graph
fragments that co-occur in a collection of workflows

Predict sets of likely workflow additions to a given
partial workflow

Similar to a Web browser suggesting URL
completions
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VisComplete: Demo

VisComplete:

Data-driven Suggestions for
Visualization Systems

http://www.cs.utah.edu/~juliana/videos/viscomplete _h 264.mov
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Publishing and Sharing Results



Scientific Publications and Provenance
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France 1st, Grand Champion of the Tour de France in 1999-2004.
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Scientific Publications and Provenance

235

"raw data from the January 1993 test that revealed several
additional deviations from the published methodology. Coyle
used a 20-min ergometer protocol (not 25 min), including 2-
and 3-min stages where respiratory exchange ratios (RER)
exceeded 1.00. An RER >1.00 invalidates use of the Lusk
equations (5) to estimate energy expenditure.”

"...all of the published delta efficiency values are wrong. ...
there exists no credible evidence to support Coyle's
conclusion that Armstrong's muscle efficiency improved.”

http ///ap ph ys:olog y.org/cgi/content/full/106/3/1020

http //en wnklpedla org/wiki/Scientific_misconduct
http://ori.dhhs.gov/misconduct/cases/
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Provenance-Rich Publications

Bridge the gap between the scientific process and
publications

Results that can be reproduced and validated
— Papers with deep captions
— Encouraged by ACM SIGMOD and a number of journals

Higher-quality publications (?)

Describe more of the discovery process: people only
describe successes, can we learn from mistakes?
Support dynamic and interactive publications

Expose users to different techniques and tools

— Users can learn by example; expedite their training; and
potentially reduce their time to insight
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Vision: Provenance-Rich Documents

CrowdlLabs: Social Analysis and Visualization for the Sciences e e
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VisTrails and Provenance-Rich Science Juliana Freire 49



Provenance-Rich Publications

P provenance
Interactive visualization repository

ERAR mmnI=n
wikipage = BRERR
powerpoint presentation
pdf document
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VisMashup: Creating Mashups
from Workflows

cquire and Create Views : :
. Combine App generation
nalyze (Simplify : =
. . iews and deployment
Pipelines Pipelines)
o BEx
\"'zz“//
: \\
woate  J[_out |
[Santos et al, IEEE TVCG 2008] ?S
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CrowdLabs

Share workflows and analysis in addition to data

.. -& '~ Login or Sign up [ English 4
Crow
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™. Viewed 0 times
March 29, 0 Comments Estuary Forecast (f22)
2010
hup Prov pl
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Date; [DB|14,: oov 313
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Run Scalars | salt v

Depth | surface | v |
Run Day [ 1 v |

Time (in hours) 0 23

(V] loop

[ Update |
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VisTrails: Some Useful Features



Extensibility

Package infrastructure

Wrap python libraries, command-line calls, or use
other interfaces (jpype, rpy, etc.)

Need to specify:

1. Package identification information

2. Module structures: input & output ports
3.Compute method for each module
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Provenance Links to Data

DATA DATA
Yo, 24

(Does the file still exist? ) =) (Has the file changed? )

((((((((

(Has the file been moved? )

IMAGE
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Computationally-Expensive Work
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Provenance Links to Data

FIGURE

A <>

FIGURE

FIGURE
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Strong Provenance Links

Upstream signature

— Identify workflow outputs by the computational steps and
parameters that (may have) had an effect on the output

Content hashing
— Identify files by their content
— Mirrored by version information from version control systems

Universally Unique Identifiers (UUID)
— Serve as “filenames”
— Could use some other scheme here
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Strong Provenance Links: Implementation

Implemented in VisTrails backed by git for file
storage and sqlite3 for metadata

Files or directories

User identifies where inputs, outputs, and
intermediates should be; each is represented by a
module

Modules can be configured:

— Choice to link to existing data or create new reference
- Allow naming and tagging (for search)

— Configure links to local filesystem

Caching for free!
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Input Configuration

/Users/dakoop/Code/javascriptTests.html 0
JjavascriptTests.html

a

|_ ManagedinputFile
O » testjava... testing java... 774046ae-...

I javascrip... 05044¢98-...

I javascrip... javascript test bfd52f36-1...

> 016b8eb6-...

-
—
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Intermediate and Output Configuration

(m]
|_ManagedIn1:ermediateDirgI > test output band code 8d9c77d2-...

- test band code 8236e45e-...
> SfccaB8a6-1...
> 002d9f32-...

- Ja

Cancel PR —
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Conclusions and Future Work

Provenance management is crucial in many
applications

— VisTrails Project has introduced new algorithms and usable

tools for querying, re-using and publishing provenance
information

VisTrails system is widely used in the scientific
community

Sharing provenance creates new opportunities [Freire
and Silva, CHI SDA, 2008]

- Expose users to different techniques and tools

— Users can learn by example; expedite their training; and
potentially reduce their time to insight

Many challenges and several open computer science
questions
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