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Reading Critique

e Read VisIrails and Reproducibllity paper
e Due now
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Sales Data and 180-Day Rolling Window
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Provenance in Science

e Provenance: the lineage of data, a

computation, or a visualization i & e i - e

- Provenance is as (or more) important as W—,;f e “:L;MM =
the result! ==Ems

» Old solution: Ele wae

- Lab notebooks o —

e New problems: = SEaSE

- Large volumes of data ” ”gm

- Complex analyses ;’fri-” Pt

- Writing notes doesn’t scale =38

[DNA Recombination, Lederberg]
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Provenance in Science

e Provenance: the lineage of data, a
computation, or a visualization

* Provenance is as (or more) important as
the result!

e Old solution:
- Lalb notebooks
e New problems:
- Large volumes of data

ww’gw.dcu" b-,..k.‘o&»-w

Annotations

: "o 'Y | Observed Data

- Complex analyses
- Writing notes doesn't scale

[DNA Recombination, Lederberg]
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Provenance in Computational Science

[ Visualization

DATA DATA
\ 1

Data Management ]

Improving the Visualizations for CMOP Part 3
by cmanusieon Macch 27, 2010

oo of e Esaary.

B = sainty P0)
Retomtnniatcnr; Tests v, S e
* Fig. 8: Visualizing a binary star system simulation.  This
We sk cresed workfows tht use a ffren model is an image that was generated by embedding a workflow di-
18 ) rectly in the text. The original workflow is available at

http://www.crowdlabs.org/vistrails/workflows/details/119/.
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Provenance Questions

~ e \What process led to the output image”

OOO0O000an
—> vtkStructuredPointsReader

DATA /m e \\Vhat input datasets contributed to the
SO output image”
/m ] e \What workflows create an isosurface with
SoDooIote iIsovalue 577
/m e \Who create this data product?
e e \When was this data file created?
DDDSM{DD/ e \Why was vtkCamera used”?
e \Why do two output images differ?
: IMAGE
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Provenance & Causality

e Knowing what data/steps influenced other data/steps is important!
e Data dependencies: this output file depended on this input file

e Data-process dependencies: this output figure depended on these
DrOCESSES

e Causality can often be represented as a graph where connections represent
dependencies

exg:dataSet1

ey
Y wasGeneratedB . : wasGeneratedB
exc:composel <4 y exc:composition1 Used [ovcrillustrate: < . exc:charta

exc:regionList
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Provenance Capture Mechanisms

e Workflow-based: Since workflow execution is controlled, keep track of all
the workflow modules, parameters, etc. as they are executed

* Process-based: Each process Is required to write out Its own provenance
information (not centralized like workflow-based)

e OS-based: The OS or filesystem is modified so that any activity it does it
monitored and the provenance subsystem organizes it

¢ [radeoffs:
- Workflow- and process-based have better abstraction

- OS-based requires minimal user effort once installed and can capture
"hidden dependencies”

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University 8




Abstraction: Script, Workflow, Abstract Workflow

data = vtk.vtkStructuredPointsReader ()
data.SetFileName (../examples/data/head.120.vtk)

contour = vtk.vtkContourFilter ()
contour.SetInput (data.GetOutput())
contour.SetValue (0, 67)

mapper = vtk.vtkPolyDataMapper ()
mapper.SetInput (contour.GetOutput ())
mapper.ScalarVisibilityOff ()

actor = vtk.vtkActor ()
actor.SetMapper (mapper)

cam = vtk.vtkCamera ()
cam.SetViewUp (0,0, -1)
cam.SetPosition (745,-453,369)
cam.SetFocalPoint (135,135,150)
cam.ComputeViewPlaneNormal ()

ren = vtk.vtkRenderer ()
ren.AddActor (actor)
ren.SetActiveCamera (cam)
ren.ResetCamera ()

renwin = vtk.vtkRenderWindow ()
renwin.AddRenderer (ren)

style = vtk.vtkInteractorStyleTrackballCamera ()
iren = vtk.vtkRenderWindowInteractor ()
iren.SetRenderWindow (renwin)
iren.SetInteractorStyle(style)
iren.Initialize ()

iren.Start ()

OO000000
FileName ../head.120.vtk €3 | \ikStructuredPointsReader
N
OO0OoOoOoOoOomod
Value (0,67) C—— vtkContourFilter
[
. OO0OoOo0ooOoomo
ViewUp 0,0-1) vtkDataSetMapper
Position (745,-453,369)
FocalPoint (-135,135,150)

l pDodfiodg

vikActor

vitkCamera

n

OO000MMmOOOoO
vitkRenderer

OmOoOOd

VTKCell
L]
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Abstraction: Script, Workflow, Abstract Workflow

data = vtk.vtkStructuredPointsReader ()
data.SetFileName (../examples/data/head.120.vtk)

contour = vtk.vtkContourFilter ()
contour.SetInput (data.GetOutput())
contour.SetValue (0, 67)

mapper = vtk.vtkPolyDataMapper ()
mapper.SetInput (contour.GetOutput ())
mapper.ScalarVisibilityOff ()

actor = vtk.vtkActor ()
actor.SetMapper (mapper)

cam = vtk.vtkCamera ()
cam.SetViewUp (0,0, -1)
cam.SetPosition (745,-453,369)
cam.SetFocalPoint (135,135,150)
cam.ComputeViewPlaneNormal ()

ren = vtk.vtkRenderer ()
ren.AddActor (actor)
ren.SetActiveCamera (cam)
ren.ResetCamera ()

renwin = vtk.vtkRenderWindow ()
renwin.AddRenderer (ren)

style = vtk.vtkInteractorStyleTrackballCamera ()
iren = vtk.vtkRenderWindowInteractor ()
iren.SetRenderWindow (renwin)
iren.SetInteractorStyle(style)
iren.Initialize ()

iren.Start ()

OOdaodd
FileName ../head.120.vtk €3 | \tkStructuredPointsReader
N
Read File
OOOO00oOoomhod
Value (0,67) > vtkContourFilter
[
. OOO0Oo0oOooomd
ViewUp ©.0.-7) vtkDataSetMapper | Extract
Position (745,-453,369)
FocalPoint | (135,135,150) Isosurface
] OO
vitkCamera vtkActor
n
OOoOoOomhoood
vitkRenderer
Render
Visualization
OmOoOogg
VTKCell
]
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Abstraction: Provenance Views

ex:inputFile

ex:vtkStructuredDataReader

wasGeneratedBy

prov:startTime 2015-08-11T10:30:00

ex:ReadFile

ex:vtkContourFilter

wasGeneratedBy

wasGeneratedBy

prov:startTime 2015-08-11T10:30:05

ex:vtkDataSetMapper Q I S 't r 't

wasGeneratedBy

prov:startTime 2015-08-11T10:30:06 —> eX:EXtraCtISOSllrface

sed

ex:dataset prov:startTime 2015-08-11T10:30:00

ex:vtkCamera ex:vtkActor wasGeneratedBy
wasGeneratedBy wasGeneratedBy
prov:startTime 2015-08-11T10:30:07 provistartTime 2015-08-11T10:30:07 cX. lsosurface prov:startTime 2015-08-11T10:30:04

used

ex:vtkRenderer

wasGeneratedBy

ex:RenderVisualization

prov:startTime 2015-08-11T10:30:08

ex:VTKCell

wasGeneratedBy

wasGeneratedBy

ex:image

ex:image prov:startTime 2015-08-11T10:30:10

prov:startTime 2015-08-11T10:30:12
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Assignment 5

® FOouUr parts

- Loading Data

- Spatial Analysis

- Graph Analysis

- Temporal Analysis
e Due at the end of the semester (April 22, 2021)
e Start now!

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University 11


http://faculty.cs.niu.edu/~dakoop/cs680-2021sp/assignment5.html

Test 2 Comments
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Provenance Storage

o Keeping provenance for each data item means Ilots of repetition

e Nested data storage also induces repetition

e Coarse provenance is naturally more compact, but how to decide what (not)
to store?

e Repeated provenance Is not uncommon:
- Repeating the same computation with a different parameter

- Creating a new computation that has a very similar structure to one that
was run two weeks ago

e Provenance compression/factorization techniques (e.g. [Chapman et al.,
2008], [Anand et al., 2009]) take advantage of that to reduce storage costs

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University 13




Provenance Storage Formats

¢ [les, relational databases, XML databases, RDF (linked data)
e | 0g files are good for preserving data but can be bad to query or analyze

e Relational datalbases are great for column-specific queries but can be bad for
dependency queries

o XML datalbases are more portable than relational datalbases but are usually
less efficient for queries

o RDF triples are better for dependencies and integrating domain-specific
knowledge but can be slower

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University 14




| ayered Provenance

o As with relational databases, want to normalize provenance to minimize
redundant information

e Example: Don’t store workflow specification each time that workflow Is
executed—-store it once and reference it

o Also allow different layers for different aspects of provenance

Workflow template Abstract workflow Workflow evolution

Service instantiation
Workflow instance Workflow instance
Data instantiation
v

Executable workflow

v
Execution log Execution log Execution log

Pegasus Redux VisTrails

[Freire et. al, 2008]
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Provenance Moagels

e How provenance is represented (more abstract than the details of how it is
actually stored)

e PROV (W3C Standard) has different storage lbbackends for provenance but all
of it conforms to the same model

* Model the objects involved and their relationships (e.g. activities,
dependencies)

® |nteroperabllity is a concern

- Why"? May use multiple tools/techniques to achieve a result, want to analyze
the entire provenance chain

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University 16




Prospective and Retrospective Provenance

e Prospective provenance is what was specified/intended
- a workflow, script, list of steps
e Retrospective provenance is what actually happened

- actual data, actual parameters, errors that occurred, timestamps, machine
iINnformation

* Do not need prospective provenance to have retrospective provenance!

e Retrospective provenance is often the same type of information as
porospective plus more

e Could have multiple retrospective provenance traces for one prospective
provenance listing

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University 17




Prospective and Retrospective Provenance

e Example: Baking a Cake
e Prospective Provenance (Recipe):

1. Gather ingredients (3/4 cup butter, 3/4 cocoa, 3/4 cup flour, ...)
2. Preheat oven to 350 degrees

3. Grease cake pan

4. Mix wet ingredients in large bowl

5. Mix dry ingredients Iin a separate bowl

6. Add dry mixture to wet mixture

/. Pour batter into cake pan

3. Put pan in the oven and bake for 30 minutes

9. Take cake out of oven and let it cool

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University 18



Prospective and Retrospective Provenance

e Retrospective Provenance (What actually happened)

1. Went to store to buy butter

¢ 2. Gathered ingredients (3/4 cup butter, 3/4 cocoa, 1 cup flour, ...)
3. Greased cake pan
4. Preheated oven to 350 degrees
5. Mixed wet ingredients in large bowi
0. Mixed dry ingredients in a separate bowl
/. Added wet mixture to dry mixture
3. Poured batter into cake pan AN
9. Put pan in the oven and baked for 35 minutes
10.1ook cake out of oven and let it cool for 10 minutes

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University 19



Provenance Model History

e Community organized provenance challenges (2006-2009)

e [irst Provenance Challenge assessed capabilities of systems

e Second Provenance Challenge examined interoperabllity

¢ | ed to development of Open Provenance Model (OPM), (2007)
- Sought to establish interchange format for provenance

e Further work led to PROV W3C Recommendations (2013)

- Some confusion from name changes from OPM to PROV even though
concepts are similar

- Focus Is on model not formats

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University 20




PROV: Three Key Classes

An entity is a physical, digital, conceptual, or other kind

of thing with some fixed aspects; entities may be real or
imaginary.

An activity is something that occurs over a period of

_ time and acts upon or with entities; it may include
consuming, processing, transforming, modifying,

relocating, using, or generating entities.

An agent is something that bears some form of
responsibility. for an activity taking place, for the
existence of an entity, or for another agent’s activity.

[Moreau et al., 2014]
D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University 21




PROV: Three Views of Provenance

wasDerivedFrom

wasAttributedTo

wasInformedBy : actedOnBehalfOf
: [Moreau et al., 2014]

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University 22



PROV Edges: Derivation

e Derivation Edges:

- wasGeneratedBy: entity — activity
- used: activity — entity

exg:dataSet1

'03&

(74

) wasGeneratedB : wasGeneratedB

exc:composel « y exc:compositiont1 Jused | exc:illustrate1 < L exc:charta

exc:regionListy

- wasDerivedFrom: entity — entity

IS wasDerivedFrom
exg:dataSet1 < e ——— exg:dataSet2 « exc:chart2

[PROV Model Primer, 201 3]
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Blogger's provenance data

'c'lctf;rms:.tltle.: i B axnsarticle
Crime rises in cities /' SPeCializay Newspaper's provenance data
TR allo
specializationOf ’N
alternateOf exn:articleV2

exn:articleV1

s

i wasAssociatedWith
exg:edith wasDerivedFrom
nadPet wasRevisionOf
exg:instructions \ S TT—

exg:correct1 ‘gasGeneratedBy ~ exg:dataSet2

prov:startedAtTime=2012-03-31T09:21:
prov:endedAtTime=2012-04-01T15:21:00

prov:generatedAtTime= ’ exc:compilez.
2012-03-02T10:30:00 )
used J—— _ prov:generatedAtTime="] ™\
%se ‘comp WasGeneraledsy 2012-04-01T15:21:00
N . s
JvasGeneratedBy < wasRevisionOf

Government agency's
provenance data

used

exg:dataSet1

rov:hadRole= ’ wasGeneratedB )
E‘(C'data'l'OCOmpose" exc:composel < ; y c=:xc:compositiom-ou"md exc:illustrate1 exc:chart1 exc:chart2
. G prov:hadRole= - ; .
exc:regionList1 %, wasAssociatedWith wasAttributedTo
' exc:composedData
prov:hadRole= wasAssociatedWith ~hadRole= .
exc:regionsToAggregateByY [ ccccoemmmmoan. .. Prov:RadRole= Chart Generators' provenance data
exc:analyst

foaf:givenName=
"Derek" actedOnBehalfOf

foaf:mbox= .. ] foaf:name=
exc:chartgen "Chart Generators Inc” [PROV M Od el Primer 201 3]

"derek@example.org”

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University =~ 24




Querying Provenance

e Query methods are often tied to storage backend
e SQL, XQuery, Proloag, SPARQL, ...

/ REDUX

SELECT Execution.ExecutableWorkflowld, Execution.Executionld, Event.Eventld, ExecutableActivity.ExecutableActivityld

from Execution, Execution_Event, Event, ExecutableWorkflow_ExecutableActivity, ExecutableActivity,
ExecutableActivity_Property_Value, Value, EventType as ET

where Execution.Executionld=Execution_Event.Executionid

and Execution_Event.Eventld=Event.Eventld

and ExecutableActivity.ExecutableActivityld=ExecutableActivity_Property_Value.ExecutableActivityld

and ExecutableActivity_Property_Value.Valueld=Value.Valueld and Value.Value=Cast('-m 12" as binary)

and ((CONVERT(DECIMAL, Event.Timestamp)+0)%7)=0 and Execution_Event.ExecutableWorkflow_ExecutableActivityld=
ExecutableWorkflow_ExecutableActivity.ExecutableWorkflow_ExecutableActivityld

and ExecutableWorkflow_ExecutableActivity.ExecutableWorkflowld=Execution.ExecutableWorkflowld

and ExecutableWorkflow_ExecutableActivity.ExecutableActivityld=ExecutableActivity.ExecutableActivityld

and Event.EventTypeld=ET.EventTypeld and ET.EventTypeName='Activity Start’;

/VisTraiIs \

wi{*}: x where x.module='AlignWarp' and x.parameter('model")="12'
and (log{x}: y where y.dayOfWeek='Monday")

/MyGrid \

SELECT ?p
where (?p <http://www.mygrid.org.uk/provenance#startTime> ?time) and (?time > date)
using ns for <http://www.mygrid.org.uk/provenance#> xsd for <http://www.w3.0rg/2001/XMLSchema#>

SELECT 7p

where <urn:Isid:www.mygrid.org.uk:experimentinstance:HXQOVQA2ZI0>

(?p <http://www.mygrid.org.uk/provenance#runsProcess> ?processname .

?p <http://www.mygrid.org.uk/provenance#processinput> ?inputParameter .

?inputParameter <ont:model> <ontology:twelfthOrder>)

using ns for <http://www.mygrid.org.uk/provenance#> ont for <http://www.mygrid.org.uk/ontology#>

D. Koop, CSCI 680/490, Spring 2021 @ Northern Illinois University 25




Querying Provenance

- o |Vhat process led to the output image?

OOO0O000an
—> vtkStructuredPointsReader

DATA /m o |/Vhat input datasets contributed to the
Soooooaton output image?
/m - e What workflows include resampling and
S aLs Isosurfacing with isovalue 577
vtkDataSetMapper o
“vicamers | | wiactor e Graph traversal or graph patterns
\ / - How do we write such queries?
OO000OmmoOooo
- IMAGE
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Querying Provenance by Example

® Provenance Is represented as graphs: hard to specify queries using text!

e 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

DDDDDD

DDDDDDD

DDDDDD

Query Interface

000000

vtkStructuredPointsReader > |
mjn o

.........
wtkDataReader

sFleUnstructuredGnd ()

i
|
{
i
f
1 d
! e . ' ' ReadAlColorscalarson 0
‘ — - ReadallFieks Off 0
| - Lokl ~ ~ el - i‘eadmﬁe:st;ﬂf‘ :l
N Readain, IsO )
! ‘ DDDDDDDD ae:amy.z;:;:cn 0
! ReadAllScalarsOff 0=
| vtkOpenGLVolumeTextureMapper3D ) it NN 113
i D ! Properties #x
| — — — e— — — — — —L SetRleName
! - ‘, . [cortain v |28
‘ X
i
i
i

Contain w4877

GELEsEE)
viRStructuredPointsReader

I:esl:_ﬁles,fanon_48??‘_unq.=.=I:k
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Stronger Links Between Provenance and Data

package="edu.utah.sci.vistrails
<m exec 1d="6o"
<param 1d="4" name="ComputeScalarsOn"

e Flenames are often the mode of
ST e - Always expected for exploratory tasks'’?
e Solution:

identification In data exploration
/|\ * \We might also use URIs or access curated
</m_exec>value=" /MyData/05-12-sc2.@{'"E NOT FOUND
cpaxam 14703" nane-rservalue - What happens if offline?
R T - Managed store tor data associated with

coaran L computations

value="/home/a/results/23.0ou

/I\ - Improved data identification
FILENOTFOUND | Aytomatic versioning

[Koop et. al, 2010]
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Provenance from Data

HASH QUERY E

— CONTENTS FILE STORE
( newfilename.dat - 0ab678cd... _ E

P OBTAIN

OBTAIN QUERY FILE REFERENCE
INPUT REFS PROVENANCE

12ab3-45ef2... D — — < 12ab3-45ef2... >

C )
< 12ab3-45ef2... )
C )

S———
QUERY OBTAIN

FILE STORE E INPUT FILES ( Input files .>

[Koop et. al, 2010]
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Provenance-Enabled Systems

Table 1. Provenance-enabled systems.

Retrospective

System Capture mechanism Prospective provenance provenance Workflow evolution
REDUX Workflow-based Relational Relational No

Swift Workflow-based SwittScript Relationa No

VisTrails Workflow-based XML and relational Relationa Yes

Karma Workflow- and Business Process Execution XML No

process-based Language

Kepler Workflow-based MoML MoML variation Under development
Taverna Workflow-based Scufl RDF Under development
Pegasus Workflow-based OWL Relational No

PASS OS-based N/A Relational No

ES3 OS-based N/A XML No

PASOA/PreServ Process-based N/A XML No

[Freire et. al, 2008]
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Provenance-Enabled Systems

Available as open

System Storage Query support source?
REDUX Relational database management SQL No
system (RDBMS)

Swift RDBMS SQL Yes

VisTrails RDBMS and files Visual query by example, specialized Yes
language

Karma RDBMS Proprietary API Yes

Kepler Files; RDBMS planned Under development Yes

Taverna RDBMS SPARQL Yes

Pegasus RDBMS SPARQL for metadata and workflow; Yes
SQL for execution log

PASS Berkeley DB nq (proprietary query tool) No

ES3 XML database XQuery No

PASOA/PreServ Filesystem, Berkeley DB XQuery, Java query API Yes

[Freire et. al, 2008]
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Provenance-Enabled Systems

Available as open
System Storage Query support source?

REDUX Relational database management SQL No

system (RDBI

VisTrails RDBMS and { A

Karma RDBMS J u pyte r - Yes

Kepler Files; RDBMS v | Yes

Taverna RDBMS Ga Iaxy Yes

Pegasus RDBMS irkflow;  Yes
SQL for execution log

Yes

cialized Yes

PASS Berkeley DB nq (proprietary query tool) No
ES3 XML database XQuery No
PASOA/PreServ Filesystem, Berkeley DB XQuery, Java query API Yes

[Freire et. al, 2008]
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loday: Iwo types of provenance

e Database Provenance
e Evolution Provenance
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Database Provenance

o \otivation: Data warehouses and curated databases
- Lots of work
- Provenance helps check correctness
- Adds value to data by how It was obtained

* [Nhree lypes:

- Why (Lineage): Associate each tuple t present in the output of a query with a
set of tuples present in the Input

- How: Not just existence but routes from tuples to output (multiple contrib.'s)

- Where: Location where data is copied from (may have choice of different
tables)

[Cheney et al., 2007]
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Provenance In Databases

A. Amarill

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University


http://kocoon.gforge.inria.fr/slides/amarilli.pdf

Why Provenance

Agencies | ¢ | Ineage Of (HarborCruz, 831-3000) :
name based_in phone
t1: | BayTours San Francisco | 415-1200 {Agencies (t2) ,ExternalTours (t7/) }
to: | HarborCruz | Santa Cruz 831-3000

¢ Lineage Of (BayTours, 415-1200):

ExternalTours . —

name destination type price {Agenc1es (tl) p FxternalTours (t5, t6) }
ts: | BayTours San Francisco | cable car $50 - .
ts: | BayTours | Santa Cruz | bus $100 e [Nhis Is not really precise because we
t5: | BayTours Santa Cruz boat $250 |
te: | BayTours Monterey boat $400 dOn 't need bOth th5 and t 6 —On‘y
t7: | HarborCruz | Monterey boat $200 .
ts: | HarborCruz | Carmel train $90 one IS Ok

Q1:

SELECT a.name, a.phone

FROM Agencilies a, ExternalTours e

WHERE a.name = e.name AND e.type='boat'

Result of ()1:
name phone

BayTours 415-1200
HarborCruz | 831-3000

[Cheney et al., 2007]
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How Provenance

Agencies * How provenance gives more detall

name based_in phone
t1: | BayTours San Francisco | 415-1200

to: | HarborCruz | Santa Cruz 831-3000 abOUt hOW the tup‘es prOVide

ExternalTours witnesses 1o the result
name destination type price
ts: | BayTours San Francisco | cable car $50 - .
tr: | BayTours | Santa Cruz | bus $100 ® Prov Of (San Francisco, 415-1200):
ts: | BayTours Santa Cruz boat $250
te: | BayTours Monterey boat $400 { { t 1 } 4 { t 1 / t 3 } }
t7: | HarborCruz | Monterey boat $200 . _
ts: | HarborCruz | Carmel train $90 ® t 1 CO n'trl butes tWICe
Q2: C
SELECT  e.destination, a.phone Result of Q)2 ® Uses prOveﬂan Ce Sem I rl ngs (the
FROM Agencies a, destination phone I . . -
(SELECT name, San Francisco | 415-1200 | t1 - (t1 + t3) )
LECT name, | Sn Franico THETR0) 4 polynomial™ shown on the right
FROM Agencies a Santa Cruz 415-1200 | t1 - (ta + t5)
UNION Monterey 415-1200 | tq1 - tg
SELECT name, destination Monterey 831-3000 | t1 - t7
FROM ExternalTours ) e Carmel 831-3000 | t1 - ts

WHERE a.name — e.name

[Cheney et al., 2007]
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VWhere Provenance

* \\Vhere provenance traces to specific

Agencies
name based_in phone :
t1: | BayTours San Francisco | 415-1200 ‘Ocatlonsy nOt the tuple Va‘ues
to: | HarborCruz | Santa Cruz 831-3000 .
e Q and Q' give the same result but
ExternalTours
name destination | fype __| price the name comes from different
ts: | BayTours San Francisco | cable car $50
t4: | BayTours Santa Cruz bus $100
ts: | BayTours Santa Cruz boat $250 places
te: | BayTours Monterey boat $400 .
t: | HarborCruz | Monterey boat $200 e Prov of HarborCruz In second output:
ts: | HarborCruz | Carmel train $90
(tZ2, name)
Q1 Q1 : : :
SELECT  a.name, a.phone SELECT  e.name, a.phone ® |mp0rtant In an nOtaUOn'prOpOgathn
FROM Agencies a, ExternalTours e FROM Agencies a, ExternalTours e
WHERE  a.name = e.name WHERE  a.name = e.name
AND e.type=‘boat’ AND e.type=‘boat’

Result of ()::
name phone

BayTours 415-1200
HarborCruz | 831-3000

[Cheney et al., 2007]
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Evolution Provenance
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Data Exploration

Data

—>[ Computation ]—»

|

Specification

Data
Products

. |

-

Perception &
Cognition

Knowledge

[Modified from Van Wijk, Vis 2005]
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Data Exploration

]

Data —>[ Computation ]—» Data — Perception &

Products L Cognition

Specification |€=———————————ee| Fxploration

[Modified from Van Wijk, Vis 2005]

—>| Knowledge

e Data analysis and visualization are Iiterative processes
® |n exploratory tasks, change is the norm!
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Exploration and Creativity Support

e Reasoning Is key to the exploratory processes

o “Reflective reasoning requires the ability to store temporary results, to make
INnferences from stored knowledge, and to follow chains ot 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

e Need external aids—tools to facilitate this process
- "Creativity support tools" —Ben Shneiderman
e Need aid from people —collaboration
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Change-based Provenance: Photo Editing

e User Actions
original )—}

7 [\

El Brightness/Contrast
El Unsharp Mask

© @ Grayscale
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Change-based Provenance: Photo Editing

e User Actions

original ) =l
~a(lll

| sUNP
1904 | K
.
‘ill“ ¥
BT —. .
{ i o At *qoy
. 3

darkened )
e L
Y

E-l Brightness/Contrast

_;? El Watercolor
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Version Irees

e Undo/redo stacks are linear!

¢ \Ve lose history of exploration

e Old Solution: User saves files/state
¢ \/isTrails Solution:

- Automatically & transparently capture
entire history as a tree

- Users can tag or annotate each version

- Users can go back to any version by
selecting It In the tree
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Vislralls

© 2011-2013 NYU-Poly. © 2006-2011 University of Utah. All Rights Reserved

J. Freire, C. Silva, £. Anderson. L. Bavoll. C. Brooks. J. Callahan, S. Callahan, T. Ellgwist, L. Carlo,
D. Koop, L. Lins, P. Mates, D. Rees, E. Santos, C. Scheidegger, N. Smith, H Vo

VACE!
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Vislralls

e Comprehensive provenance infrastructure for computational tasks

® FOcus on exploratory tasks such as simulation, visualization, and data
analysis

o [ransparently tracks provenance of the discovery process—from data
acquisition to visualization

- The trail followed as users generate and test hypotheses

- Users can refer back to any point along this trail at any time
® | everage provenance to streamline exploration
e Focus on usabllity —build tools for scientists
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DISCUSSION

e Reproducibllity in VisTralls
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SAHM: Modeling the Spread of Invasive Species
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SAHM: Modeling the Spread of Invasive Species

O O O
Directory File File
i rajm; O
Li
TemplateLayer w FleIdData -
OOMmM mOooooooog
PARC FieldDataQuery OE00000
I J BoostedRegressionTree

\ /\/ / (I o \
LifLif]

FieIdAftaAggregateAndWeight
Z\

. OmOo0oOgOod l SAHMSpatialOutputViewerCell
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LilLi[m] =] SAHMModelOutputViewerCell \
MDSBuilder
n
OOm
OmOO000 SAHMSpatialOutputViewerCell
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[J. Morisette et al., USGS-Fort Collins, NASA]
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UV-CDAT: Climate Science

.0 O O “’ The Ultrascale Visualization Climate Data Analysis Tools - (UV-CDAT) |

00 projects [Ssneers I © © Variables
) = ) = _Jzﬁllgfo“va:%—z‘fE'c»*%gﬁjﬁ

v :0 %Oé::: t11 A -- Relative_humidity (14, 181, 360)
S Shetl o oal --t(5, 7, 46, 72)
- unt!t @ -- t_genutil_averager (5, 7, 46)
untitled* @ A2

Calculator

00 Plots

Volume Render With Slicer

’ Matplotlib
' PVClimate
v VCS
Boxfill
Isofill
Isoline
Meshfill
Outfill
Outline
Scatter
Taylordiagram
Vector
XvsY
Xyvsy
Yxvsx

a_yxvsx

default

Enter CDAT command and press Return

4 VvV VvV VYV YYVYYYYY

Plot default
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UV-CDAT: Climate Science

“’ The Ultrascale Visualization Climate Data Analysis Tools - (U

_|ldl2 Bl ) eemy Ry K B F E =G >3 v 00000000000
DDDDDDﬁ]DE'I‘DD A [ Relative humidity (14. 181, 3 CDMSVariable
CDMS_FileReader CDMSVariable — CgenutiLaverager 5, 7 4 -
n /EDD \
7 R 00O00000Mm
n 5 Y. . . genutil.averager

(CDMSUnaryVariableOperation)
CDMS_VolumeReader . /m

= S ' | G Doooooon
- | | — Calculator
(CDMSUnaryVariableOperation)

L n
VolumeRenderer . —
. | CellLocation CDMSYxvsx
L sof n n
MapCell3D , Enter COAT / /
il

I'I; ‘ . T.i ,; ‘ L ] ]' EG *| + mm
I_*' Ad k3 il | - CDMSCell
P S Y —
4' l’ o .” x| ' -
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UV-CDAT: Climate Science

e N O 2] UV-CDAT - Spreadsheet - Untitled

% Q_—,_ H 1 13 . Export ¢ x -.-;A] —'{j 9 @ Save Camera

t\q"‘,"."(

AT I B

EEEEN

gSncep:eastward_wind gSncep:eastward_wind

ID. N. Williams, T. Maxwell, E. Santos, et al., LLNL, NASA, NYU]

| Sheet 1 |
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ALPS: Large Quantum Simulations
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Workflows
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Capturing Exploration: Version Tree of Workflows
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Capturing Exploration: Version Tree of Workflows

Gected data

Gtatlon mD

RemoTE STATION FF Y SEN/DIS  7-DAFASUNL D AFAS/RMF( JOINTRRTKT 7-DUNL  30-DUNL
1 ROLL 42ND STREET & 8TH AVENUE 00228985 00008471 | 00000441 | 00001455 00000134 00033341 00071255

2 R170 14TH STREET-UNION SQUARE 00224603 00011051 | 00000827 | 00003026 00000660 00089367 00199841

3 RO46 42ND STREET & GRAND CENTRAL | 00207758 | 00007908 | 00000323 | 00001183 00003001 00040759 00096613

4 RO12 34TH STREET & 8TH AVENUE 00188311 00006490 | 00000498 | 00001279 00003622 | 00035527 00067483

s R203 34TH STREET - PENN STATION 00168768 00006155 | 00000523 | 00001065 00005031 00030645 00054376

6 RO33 42ND STREET/TIMES SQUARE 00159382 | 00005945 | 00000378 | 00001205 00000690 | 00058931 00078644

7 RO22 34TH STREET & 6TH AVENUE 00156008 00006276 | 00000487 | 00001543 00000712 00058910 00110466

s R84 SOTH STREET/COLUMBUS CIRCLE | 00155262 | 00009484 | 00000589 | 00002071 00000542 | 00053397 00113966

s RO20 47-50 STREETS/ROCKEFELLER 00143500 00006402 | 00000384 | 00001159 00000723 00037978 00090745

10 R179 86TH STREET-LEXINGTON AVE 00142169 00010367 | 00000470 | 00001839 00000271 | 00050328 00125250

1 RO23 34TH STREET & 6TH AVENUE 00134052 00005005 | 00000348 | 00001112 00000649 00031531 00075040 - -

12 RO29 PARK PLACE 00121614 00004311 | 00000287 | 00000931 00000792 | 00025404 00065362 statlon Iocatlons
13 RO47 42ND STREET & GRAND CENTRAL | 00100742 | 00004273 | 00000185 | 00000704 00001241 | 00022808 00068216

14 RO3L 34TH STREET & 7TH AVENUE 00095076 00003990 | 00000232 | 00000727 00001459 00024284 00038671

15 RO17 LEXINGTON AVENUE 00094655 00004688 | 00000190 | 00000833 00000754 00020018 00055066

16 RI7S 8TH AVENUE-14TH STREET 00094313 00003907 | 00000286 | 00001144 00000256 00038272 00074661

17 ROS7 BARCLAYS CENTER 00093804 00004204 | 00000454 00001386 00001491 00039113 00068119

1w R1IR WEST 4TH ST-WASHINGTON SO | 00093562 | 00004677 | 00000251 | 00000965 | 00000127 | 00031628 00074458

Gdded fares

november 2 data difference

@ember ff

@adway@ ‘ broadway diff map

Todt

Arrochar

Wicodmere

Istend Park.

EOWock:
Map cata €012 Google  Terms ot Use  Repon a map emor

East 161st Street and River Avenue
120000
100000
—
80000
b
8
Z
g
5
t 60000 Uychester
2 eds o
2 Pidgehield Manhasset Ser
“oo00 Mantclain ) ey 7, SAherod ) (e s W ngton
Lynd > >
Bloontfield North Fower bl
30-D weekl : 2 (G5
20000 Belleyille Ncls’ r Whitestone reatneck &
& Union City 9 2 %,
EastOrange  JKearny jeehgwhen y ' Elushing Dguglaston z
" O A Flghr® S Bayside »
o Saimount 2 Wi Qe e Alley” s 3 neal
08-02 08-09 08-16 08-23 08-30 09-06 09-13 09-20 09-27 10-04 10-11 10-18 10-25 11-01 5 s Hobokel] L osX WWM S poSdPark Nouh New pncos
Date RO o 3 ce Park
Jersey City) Mevser 9, o D Queens J4 Sarden
ForeSOs au
7 00 Village Frankin
eenville: o Myrle 4 maica Eimont  Sauare G
0y R o st Aans Valley
Bayonnen e 6o 5 8 b
O Rockvile
aescn (L Centre
2L t Georgs @ ow
g Oceansid

=

D. Koop, CSCI 680/490, Spring 2021

EE
R

Northern Illinois University



Capturing Exploration: Version Tree of Workflows

=
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Workflow Evolution Provenance
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Workflow Evolution Provenance
Comms

delete module “GMapCell”

_ _ delete module “CellLocation” e I
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Execution Provenance
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Execution Provenance

<module 1d="12" name="vtkDataSetReader" 0000000
start time="2010-02-19 11:01:05" vitkStructuredPointsReader
end time="2010-02-19 11:01:07"> H
<annotation key="hash" ////
value="c54bea63cb7d912a43ce" />
</module> 0ooogoofoo
vtkContourFilter
<module 1d="13" name="vtkContourFilter" njs
start time="2010-02-19 11:01:07"
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<module 1d="16" name="vtkActor"
start time="2010-02-19 11:01:12"
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Parameter eExploration
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Workflow Upgrades
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Workflow Upgrades
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Workflow Upgrades
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Workflow Upgrades
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Provenance of Workflow Upgrades

O
CSVReader

/\/

O
CSVReader

Ll

StringToNumeric

/\/

=

moa
AggregateData

Ll

StringToNumeric

—

[Li[m]w]
AggregateData

N
III/
[

[LifLi[m]m]
JoinData

k—/

Li[m]

ExtractColumn

O
ExtractColumn

|

g

LilLi[m]a[a]]

MplScatterplot

é,_——-_’/

MplFigure
O

—

om

MplFigureCell

delete
delete
delete
delete
delete
delete
delete
delete
delete
delete
delete
delete
delete
delete
delete
delete

connection
connection
connection
connection
connection
connection
connection
connection
connection
module
module
module
module
module
module
module

AggregateData
AggregateData
ExtractColumn
ExtractColumn
MplScatterplot version 2.0.0
MplFigure version 2.0.0

MplFigureCell version 2.0.0

Change-based Provenance:

StringToNumeric — AggregateData
AggregateData - AggregateData
AggregateData — JoinData
JoinData — ExtractColumn
JoinData — ExtractColumn
ExtractColumn - MplScatterplot
ExtractColumn - MplScatterplot
MplScatterplot — MplFigure
MplFigure — MplFigureCell
version 1.0.4
version 1.0.4
version 0.9.7
version 0.9.7

O
CSVReader

—

O
CSVReader

L]

StringToNumeric

~

add

module

/

Li]

StringToNumeric

Lifw)

(g

ComposeData version 1.1.0
ExtractColumn version 1.0.2
ExtractColumn version 1.0.2
MplScatterplot version 2.0.1
module MplFigure version 2.0.1

module MplFigureCell version 2.0.1
connection StringToNumeric — ComposeData
connection ComposeData — JoilnData

connection JoinData — ExtractColumn Tffff:
connection JoinData — ExtractColumn i
connection ExtractColumn - MplScatterplot
connection ExtractColumn — MplScatterplot

ComposeData

add
add
add
add
add
add
add
add
add
add
add

module
module
module

g /
(L
JoinData

/_/

Mmoo
ExtractColumn

oag
ExtractColumn
n
/

|
/<L”—7
hmoooo

MplFigure
||

—

om
MplFigureCell

D. Koop, CSCI 680/490, Spring 2021 @ Northern Illinois University ~ 58



Adding Provenance to 3rd-Party ools
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Adding Provenance to 3ra-Party 1ools
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mg Provenance to 3ra-Party [ools
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Add'ng Provenance to 3ra-Party 1ools
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VisIrails Provenance Plugin for ParaView

7~

M Kitware ParaView 3.4.0

=@ % |

ParaView Provenance Recorder

=@ 8 ]

i .Q 71 | @ Solid Color

\‘5 Rl =2l =%
ol O Al ) i\
28 N W& W

Pipeline Browser

D [ O

s x| B ENE

I <0 > 1> Dl B e 0 o
TR AL I(CE G

i Representation

...................

Object Inspector
Properties

Display

Information

View

Visible

Rescale to Data Range

LI

LA 26 ¢ »

DAY

Tag:
Action:
User:
Date:
Notes:

D. Koop, CSCI 680/490, Spring 2021

[VisTrails, Inc.]

Northern Illinois University 60



VisIrails Provenance Plugin for ParaView
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VisIrails Provenance Plugin for ParaView
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Querying and Re-using Provenance
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Querying Provenance

- o |Vhat process led to the output image?
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Querying Provenance by Example

® Provenance Is represented as graphs: hard to specify queries using text!

e 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

DDDDDD

DDDDDDD

DDDDDD

Query Interface

000000

vtkStructuredPointsReader > |
mjn o

.........
wtkDataReader

sFleUnstructuredGnd ()

i
|
{
i
f
1 d
! e . ' ' ReadAlColorscalarson 0
‘ — - ReadallFieks Off 0
| - Lokl ~ ~ el - i‘eadmﬁe:st;ﬂf‘ :l
N Readain, IsO )
! ‘ DDDDDDDD ae:amy.z;:;:cn 0
! ReadAllScalarsOff 0=
| vtkOpenGLVolumeTextureMapper3D ) it NN 113
i D ! Properties #x
| — — — e— — — — — —L SetRleName
! - ‘, . [cortain v |28
‘ X
i
i
i

Contain w4877

GELEsEE)
viRStructuredPointsReader

I:esl:_ﬁles,fanon_48??‘_unq.=.=I:k

D. Koop, CSCI 680/490, Spring 2021 Northern Illinois University ~ 63



