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Provenance Definition

= General: Is the chronology of ownership, custody or
location of the object. Originally mostly applied to works of
art.

= Computer Science: Provenance is a record that
describes the people, institutions, entities, and
activities, involved in producing, influencing, or
delivering a piece of data or a thing.

. https://dvcs.w3.org/hg/prov/raw-
file/tip/presentations/wqg-overview/overview/index.html
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Popular Provenance Vocabularies

Q Dublin Core’ Metadata WENTES Dublin Core Provenance Task

Making it easier to find information

Force

Open Provenance Model

PAW

Inference
Proof Markup Language
Ontology
Wspw The Provenance Ontology
~ (Prov-0)
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Scientific Research Today

Collaborative and complex, typically has the
following characteristics:

* Involves multiple stakeholders

 Leverages multiple tools, algorithms, data
products, and sensors

* Reliant on highly iterative and potentially
repetitive techniques

- Steps are difficult to documentand are
often times committed to memory or

notes.
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What do we use Provenance for in
this context?

= Result explanation - How was this data set created,
what other data sets is it based on, what tools and
algorithms were used to create the data set.

= Reproducibility - Provides sufficient information to
enable others to reproduce a specific scientific results,
utilizing the same tools, algorithms and source data.

= Performance Analysis - Explains where a workflow was
run, which resources were used and how the the workflow
was executed. As empirical study it can show where
workflows might be underperforming and why.
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RESULT EXPLANATION

BROOKHIVEN

Brookhaven Science Associates NATIONAL LABORATORY



Climate Science Example

Brook

ARM

CLIMATE RESEARCH FACILITY

Welcome

ARM's Data Discovery browser features pre-selected sorts and search logic to help
you find atmospheric and climate data faster. The browser includes convenient

DATA DISCOVERY
(seacnior. | sencae) @] Endcae) & K
w > = =

ARM ARCHIVE / HELP # FEEDBACK

To begin, choose one of the categories from the boxes below or enter a keyword in
the search box above. Any keyword combinations are supported, including

access to data quality reports, graphical displays of data availability/quality, and data  wildcards, quotes, and Boolean operators such as AND/OR, +, and -.

The Alpha 1 release is a first look at the large-
eddy simulation capability under development
for the ARM Climate Research Facility. The
release contains 192 simulations spread over
five shallow convection cases in 2015, and the
intent of the release is to garner feedback from
the community. v

The ARM Best Estimate data products are ARM
datastreams specifically tailored to climate
modelers for use in the evaluation of global
climate models. They contain a best estimate of
several cloud, radiation, and atmospheric
quantities. v

~~h vy C ateacAry
ch Dy Lategory »

The effect of aerosols is measured by
instrument systems and lidars that provide data
on the size distribution, optical properties,
scattering, and extinction of aerosols. v

Active and passive remote sensing instruments
are used to measure the macroscopic
properties (horizontal and vertical distributions)
of clouds, and the microphysical properties
(sizes, shapes, and phases [water or ice]) of the
particles that comprise the clouds. v

Surface-based and airborne instruments
measure the thermal, moisture, and kinetic
properties of the atmospheric (horizontal and
vertical distributions) and the atmospheric
concentrations of certain radiatively active trace
gases (e.g, CO: and O:). v

Radiometric measurements provide data on the
propagation of electromagnetic energy through
the atmosphere. These types of measurements
represent the majority of ARM data, and are
obtained using various types of active (such as
radar and lidar) and passive (such as
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Example: Questions about Climate
Diagnostics Dataset

—— e =

/& ESGF Portal

L C' [3 dev.esg.anl.gov/ sefarmbe.vl sg.anl.gov.htm o

-

Argonne I (=] O ]

How did both
CSSEFARMBE and
ARMBE
originate?

Home Search Tools Account Logout

f.cssefarmbe
How do CAM

output Variables

Show/Hide Properties cf_standard_name
map to the ata Show/Hide Properties data_node
CSSEFARMBE l“'
variables? ﬁ\t\u:e_am.-e_"resr_ses_}e.'e\  base_time_in_epoch ; positive_systematic_error_on_fiekd:_temperature_m. opesty Value
ta_node plot1.oml.gov
ta_structure grid

What additional N\
ancillary
information is
available about
this dataset? /
/

Atmosphere
Scientist

anlgov

iy

THREDDS

CAM Modeler

atalog/ARM/catslog.xm

CAMS

replica false ations
resolution ground_stations ject obs4MIPs =
sampling Bim atmos
score 1 lica false
sze re
title e 0
type urce Atmospheric Radiation Measurement (Program
uncertainty
colispse | url pplicationxmisthre

et ; th_mean ; 3tmos_pressure_randor

expang | varisble_long_name systematic error on fisld: Temperature m

version

User: https://dev.esg.anl gov/esgf-dp/openid/ericstephan Privacy Poicy & Legal Nofice | Contact ESGF

" 3 xmiARMBE Scan|application/xmis th




The Knowledge Gap: Needing
Answers from Data Producers

compared

rea
wrote /
\
read - -
wrote
Page
CSSEFARMBE Developers
Header
wrote

What additional
ancillary
information is
available about
this dataset?

How do CAM
output Variables
map to the
CSSEFARMBE
variables?

How did both
CSSEFARMBE and
ARMBE
originate?

CAM Modeler

Atmosphere

Scientist



Making the Connection: Example Report Design
to Support CAM Modeler and Atmosphere Scientist

Header

Other Observational Data Relying on Similar Data Sources [4]
CSSEFARMBE Data Re| Dataset Name ARMBE (previously named CMBE)
Purpose: Diagnostics observational data

Software: IDL program, R.B. McCoy, LLNL renata@lInl.gov
Creation Date: Dec 13, 2011

Date: October 16, 2012

Overview ARM Input Data Streams: sgpmetE13.b1
Time Range: 1994-2011

This report provides an igh about the origin of fie following observational data afid its mapping
ito CAM output variables, and relaged observational dgff sources. The report is based on Bistorical

formation extracted from a varifity of sources. Segfthe Source Reference section for th@lspecific sources Comparative ARMBE Vocabulary Mapping to CSSEFARMBE via CF [2,3,4]

lied upon to produce this repor

ARMBE CSSEFARMBE | NetCDF CF Standard Name
. prec_sfc precip_rate lwe, ipitati

GeneralInfo and Dataset Origiff[1, 3] p.sfc atmos_pressure | surface_air_pressure
Purpose: Diagnostics observatighal data rh_sfc rh_mean relative_humidity
Version: cssefarmbe-c1-1.0 u_sfe u wind Eastward, wind
QC Standards Version = 1.0 v.sfc v.wind northward wind
Creation Date: 2012.06-20 wspd sfc Wspd _vec mean | wind speed
Software: cssefarmbe_vap wdir_sfc wdir_vec_mean | wind_to_direction
Software language: C, written Using ISDE Tsfc temp_mean air ¢
Machine: mercury 7 Lat Lat Laﬂt\}de
ARM Input Datastreams from Southern Great Plains Lon Long Longitude
Input Data Sources: sgpmetE4.b1, sgpmetE7.b1, sgpmetE9.b1, sgpmetE11.b1, sgpi Alt Al Altitude

sgpmetE15.b1, sgpmetE21.b1
Data Source Begin Date: 2011-Jan-01

Data Source End Date: 2012-Jan-01 Source References

1. Technical Report: Riihimaki LD, KL Gaustad, and SA McFarlane. 2012. Climate Science fora
Variable Mappings To CAM [2,3,5,6] Sustainable Energy Future ic Radiation Best Estimate (C! ).
2. http://cf-pemdilinlgov/d of-standard /
CAM Output | CSSEFARMBE NetCDF CF Standard Name 3.
PRECT precip_rate Iwe. ipitation_rate 4. http://ioparchive.arm.gov/arm-iop, -data/cmb b, C1/cmb:
PS atmos_pressure surface_air_pressure 5. PNNL testing scripts [get_surfmet_obs_dailyave.ncl, get_surfmet_obs_diurnal.ncl], Laura Riihimaki,
RHREFHT | rh_mean relative_humidity Laura.Rithimaki@pnnl.gov
TREFHT Temp_mean Air = 6. CAM Output variables, htp://www.cesm.ucar.edu/models/atm-
UBOT u wind Eastward_wind S d nodez]
VBOT v_wind northward wind
WSPD wspd_vec_mean wind_speed
wdir_vec_mean wind,_ to_direction
Lat Latitude
Long Longitud
Alt Altitude




Cross-referencing Information with ProvEn Services

CSSEF
ARMBE

CSSEFARMBE Tech | Header " ARMBE

knowledge relevant Report Test NCL Header Native Sources
to CAM Modeler and eé g ontributed by
Atmosphere Scientist 0de =15 Developers

SKOS
/ Native Source Concept Extraction \

CSSEFARMBE Developers

Concepts Mapped to Domain

Copy of

Ontology(s) Native Corresponding Native
Source Sources
References

Registered Domain
Ontologies

Foundational Ontologies and

(Vs
Q
)
>
S
Q
(95}
cC
L
>
o
S
o
\ Standard Vocabularies /




ProvEn Services Producing CSSEFARMBE

Data Origin Report

Registered Domain
Ontologies Mapped to

Foundational Ontologies and
Vocabularies

= =

Foundational Ontologies and
Standard Vocabularies

ProvEn Services Store \

Concepts Mapped to Domain
Ontology(s)

CAM Modeler

—

Standard Vocabulary
Cross-Reference
Searching and Reasoning

How do CAM
output Variables

map to the
CSSEFARMBE
variables?

What additional

information is
available about
this dataset?

nnnnnnnnnnnnnnn

ancillary

How did both
CSSEFARMBE and
ARMBE
originate?

Atmosphere
Scientist



Goals of Provenance Environment
(ProvEn) Services

« Capture historical information from any native
source necessary to describe the origin of the
dataset.

e Store this information in a cross-referenced
form.

— Achieved through the use of internationally
recognized standards W3C, Dublin Core, CF
« Use this cross-referenced information to
provide finished products to different kinds of
consumers.



REPRODUCIBILITY
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Reproducibility - Definition

* ‘the ability of an entire experiment or study to be reproducead,
either by the researcher or by someone else working
independently. It is one of the main principles of the scientific
method and relies on ceteris paribus (other things being equal)'.

 Different aspects of Computational Reproducibility:

* Numerical reproducibility i.e. has the algorithm been numerically
designed to create the same results if replicated,

* Experiment Reproducibility i.e. do we have all the information about
the simulation to repeat it and

* Execution Reproducibility i.e. can we recreate the execution

environment, execution conditions (including system events) and

system architectures.
BROOKHAAVEN
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When is Reproducibility particularly
needed?

= Publication results are queried - Can you show
how the results presented in the paper where
created, so that others can repeat your work and
get to the same results?

= Sharing new methods with a collaborator -
After several trials you found a new way of
calculating important properties with a community
code, can you show others what you did, so they
can do it too?

= Coordinating and comparing work with
collaborators - you are working in a large
collaboration, in which each partner will contribute
simulation runs, however the results are diverging
more than expected, can you explain what all the
key differences are between two runs?

BROOKHIVEN
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What do we need to capture for a
single application?

Parameters

.| Compiler

Simulation Model

Input Data Files

1

/4

Brookhaven Science Associates

Version

l

!

Libraries

Selected Methods

System Software

Systém

BROOKHIVEN
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How can provenance help?

Provenance provides a standard language to describe whathappened:

» Classes: Simulation Model, Compiler
» Subclasses: Name, Version, Vendor, Parameters
* Properties: WasCompiledWith

» Simulation Model -> WasCompiledWith -> Compiler
* NWChem -> WasCompiledWith -> CF90

This standard format makes it possible to search, analyze, compare,
test and summarize the information captured in the provenance
records.

BROOKHIVEN
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Now consider a complex workflow,
what do we need to capture?

« Application Details for each Application

How are the applications connected with each other?
Where are they executed?

How do they influence each other?

Did changes occur during execution?

Did the workflow management system influence the
execution and how?

BROUKHH\'EN
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Traditional Workflow Provenance

Today most workflow management systems have at least a basic
level of provenance capture integrated.

The level of detail captured varies however, at minimum they will
collect the name of data files, name of applications run and the
workflow itself (how the applications where connected)

Not all workflow systems capture provenance in a standard
provenance format, but rather use their own e.g. VisTrails

Other systems that collect provenance are: Kepler, Pegasus

Special is the Galaxy that captures fine grained user actions too
used to create workflows and allows users to roll back actions

Is this level of provenance enough to support reproducibility?

BROOKHFRVEN
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Workflow Provenance for

Reproducibility

Brookhaven Science Associates

W] l+
H bui
Workflow
Vi
WEMY W WM
ﬁt\ Ar‘m./ O lfnllf\\\ Appl ||1-_r'\\\11-
' — o it M\ —
Inp Appl._10utpot pPpL_—Output 1.
POt AppL. Output PPt LEpUrt
Access Access
Protocol Protocol R
Protocol os Profocol }SS Protocol Software
nput
Storage Network Core Inter Core Network Storage Systems
connect

BROOKHIVEN

NATIONAL LABORATORY



Opening Up Application Black Boxes

Parameters

selects

T isSpecifiedIn

Purpose

Brookhaven Science Associates

Executable

CompiledFrom
l has

Simulation
Model
contains
\ 4
Method —
Lcontains
Code Region |[€&——————
CorrespondsTqg

Action: e.g.
Data Access,
Calculation,
Data Transfer

Figure 5: Simulation Model Representation
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v
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Workflow Evolution Time Series

]l T2
WFS - Instance WFS - InstanceK
Get Input Data Get Input Data Executable
_ l l exedutes
Data Access Data Access
‘L lo Calculation
Protocol Protocol ‘l,
_ 0s
Storage Device Storage Device ‘l'
Computer
System

Figure 8: Workflow Evolution Time Series



New OPM based WorkFlow
Provenance Model - OPM-WFPP

Extension of OPM, in OWL.
Classes: 59

Subclasses: 56

Properties (Relationships): 44

Describes characteristics of. use cases, applications,
workflows and system

Captures time series of performance metrics across all
levels from system to workflow - implemented as library
and collection tools

BROOKHIVEN
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Provenance Environment (ProvEn)
Archltectu re

ProvEn Services

Infrastructure

Store Provenance capture through
messaging services and web

——service APIs

Server / provenance consumer
semantic information, triple store)
Client APl library / provenance
roducer
Time-series client/server (in
rogress, InfluxDB)

Repomng
Services

“

Metrics

Provenoncc
Design

Provenance Collection

Server

nge

ha

Exchange
Provengnce Da.B Interc

JSON-LD to RDF

Application Provenance Production
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PERFORMANCE ANALYSIS
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National Synchrotron Light Source Il (NSLS-II):
Enabling the Nanoscience Revolution

= Brightest synchrotron in the world
* 10,000 times brighter than original NSLS
e 2,000 users peryear (4,000in FY17)

¢ Running on low-cost NYPA hydropower —
significant factor in DOE decision to site
NSLS-II at Brookhaven Lab

= Enabling solutions to pressing energy
challenges, e.g.:
« Advanced electrical storage

« High-temperature superconductors
for the electric grid

e Fuel cells based on nanocatalysts
e Plant/environment interactions

= Integrated Centers for Energy Science
combine:

e Synergy with the Center for Functional
Nanomaterials (CFN), core programs

« State-of-the-art integrated tools for studies
under real world conditions

e Outreach to university and industry Nanocatalysts for Plant Bioscience
Fuel Cells
BROOKHFVEN
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Urgent Facility Requirements

= Streaming Analysis and Decision Making

= Providing real time scientific information to
allow researchers to effectively control the
direction of their experiment and optimize its
scientific outcome

= Multi-Source Data Analysis

= Complex challenges require the use of more than
one investigative method (different experiments &
simulation) to provide the necessary insights

= Effectively Utilizing Curated Knowledge Repositories

= Knowledge repositories can provide critical
context sensitive background for the
Brookhaven Science /\wxim:terpretation Of neW reSUItS \%ﬁ!\,\(?lf!}l&ﬁ\‘(ﬁ”\



Critical Outcome 4

Data Driven Discovery at NSLS-Il Beamlines

= Scientific Goal

- Enablereliable, real time, data-driven steering of
experiments

= Achievement

« New holistic approach to streaming data analysis and
decision support |

- Integrating results from 7 projects, including ASCR-
funded research

- Applying results to Coherent Hard X-Ray (CHX)

CHX Sample Area ad

beamline at NSLS-I e
- Workflow provides streaming statistics, machine
learning and visual analytics for decision support peieli ln,d".'.‘l
= Impact
- Enable data-driven steering of experiments to optimize vata dsodere,
. . . characteristics strong scattering, ...
their scientific outcomes
« With 4.5 GB/s sustained data rates, CHXis a good - imageaalss
R . (RN new algorithms
test ground for higher rate instruments, such as HXN  features Scateng s
(1 —5 TB/s in burst)
 Solutions applicable to other beamlines and light Raw data sl mensiis
sources, CFN, eRHIC, exascale simulations, Electric
Power Grid, Observational Sensor Networks Lieitaile a;:"::' e v
;|
Brookhaven Science Associates NATIONAL LABORATORY
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Integration of Data Analysis and Theory in Support of

Scientific Discovery

= Scientific Goal

« Operational integration of multi-modal experimental
and numerical modeling results
= Achievement
- Software DiffPy-CMI - determines stable structures
for complex materials using results from different
experimental modalities in combination with ab initio
and atomistic scale modeling (MatDelL ab,
NWChem)
* Impact
« DiffPy-CMI supported 14 materials studies since its
first release

- 2014 release downloaded ~1300 times (several
hundred users)
- 2016 release downloaded ~130 times (~50 users)
« In use at NSLS-II XPD beamline

- Similarapproaches underdevelopment, e.g., at the
NSLS-II ISS beamline to interpret in operando
device performance behavior; also of interest to Results from complex modeling study
NSLS-Il FMX, AMX, and NYX beamlines recently published in Nature

Communications

BROOKHIVEN

Brookhaven Science Associates NATIONAL LABORATORY
30




Challenges in in-situ experimental
analysis

e Goal - Provide enough targeted information to the
scientists, early enough, to enable them to take
critical decisions on steering of the data taking and its
analysis

e Critical characteristics:

e Speed, Accuracy, Completeness (incl.
background, prediction)

e Information selection and representation

e Different programing languages, programming
models, heterogenous data, computing and
networking infrastructure

e Essential - Reliable in Time Result Delivery
Bllll(l\lll](Hl'MEN
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DOE ASCR - Integrated End-to-End
Performance Prediction and Diagnosis for
Extreme Scientific Workflows

Aim to provide an integrated approach to
the modeling of extreme scale
Modeling & e scientific workflows

Simulation

Brings together researchers working on
modeling / simulation / empirical
analysis, workflows and domain
scientists

Builds upon existing research much of
: which has focused to date on large-
‘ scale HPC systems and applications

Explore in advance — Design-space exploration & Sensitivity Analyses

Optimize at run-time — Guide execution based on dynamicbehavior

BROOKHIVEN
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Expanding Provenance:
Empirical Information Gathering

Today we only have hypothesis on what causes the variability in
workflow performance or how performance could be improved

ASCR IPPD Project will use provenance to capture empirical
performance information from workflows and systems to:

Collect quantitative performance information to investigate workflow
performance variability, degradation, sensitivity and impact

Provide empirical data backed assessments of particularly prevalent
performance bottlenecks and sources of performance variability

Provide a record of performance changes over time that can be correlated
with changes to applications, workflows and systems

BROOKHFRVEN
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Correlating Performance Relevant
Information and Metrics
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Opening Up Application Black Boxes

Parameters

selects

T isSpecifiedIn

Purpose

Brookhaven Science Associates

Executable

CompiledFrom
l has

Simulation
Model
contains
\ 4
Method —
Lcontains
Code Region |[€&——————
CorrespondsTqg

Action: e.g.
Data Access,
Calculation,
Data Transfer

Figure 5: Simulation Model Representation

has
v
Performance
. €
Metrics
onuKHAVEN

NATIONAL LABORATORY



Representing Parallelism (2)

Simulation
Model
contains
Method €———— Executable

CompiledFrom
contains

Code Region

Brookhaven Science 2

CorrespondsTo

—Parattel 17
? i ™ Ill L _l |
m 11 L |
™ 11 1L |
™ 11 L I
™ 11 L l
Parallel
Component

I
v—
Action: e.g.
Data Access,
| Calculation,
Data Transfer

l has

Figure 4: Representations of Parallel Programs KHA‘,EN
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Capturing Interdependencies (3)

Simulation Simulation
Model A Model B
contains contains
v v
Method «— Executable Method <« Executable
~ CompiledFrom CompiledFrom
contains contains
L— has F—
Code Region Code Region Has
Y . . \ 4
Paralle | Communleatesith o ellel
Component | "|  Component
has lhas
v
Action: e.g. Action: e.g.
Data Access, Data Access,
Calculation, Calculation,
Data Transfer Data Transfer

Figure S: Capturing Interdependencies between Parallel Components at Runtime
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Workflow Evolution Time Series

]l T2
WFS - Instance WFS - InstanceK
Get Input Data Get Input Data Executable
_ l l exedutes
Data Access Data Access
‘L lo Calculation
Protocol Protocol ‘l,
_ 0s
Storage Device Storage Device ‘l'
Computer
System

Figure 8: Workflow Evolution Time Series



Provenance Specific Characteristics
and Metrics

* Workflow Script Performance Determining Characteristics (incl. e.g. number of tasks)
* Workflow Script Instance Performance Metrics (incl. some outlined in [9],[10])

* Code Region Performance Metrics to be collected for each call to the code region, for
each core, (selected list of metrics informed by [9], [10])

* Computer System Performance Characteristics (incl. [17])

* Computer System Performance Metrics (as collectable by e.g. SYSSTAT [18])
* Wide Area Network Performance Characteristics

* Wide Area Network Performance Metrics

* Interconnect Performance Characteristics

* Interconnect Performance Metrics

» Storage System Performance Characteristics

» Storage System Performance Metrics
BROOKHFAVEN
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Provenance Environment (ProvEn)
Archltectu re

ProvEn Services

Infrastructure

Store New Workflow Performance
Provenance Ontology (OPM-
—WFPP)

Provenance capture through
1essaging services and web
ervice APls

Server / provenance consumer
semantic information, triple store)
Client APl library / provenance

roducer
Time-series client/server (in
rogress, InfluxDB)

Repomng
Services

“

Metrics

Prova nance
Design

Provenance Collection

Server

Exchange

JSON-LD to RDF
Pchenancg_Qata Intg;cgnge

Application Provenance Production
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ProvEn Overview

p %

Provenance Environment (ProvEn) - A Provenance
production and collection framework. Sl

Provides services and libraries to collect ?ﬁii’é’i:ﬂc{ Provenance
provenance produced in a distributed proven N ,M""”cs/f/’
environment ﬁ”é’n"q’,'n",ZZZ,?Jn"

ProvEn Client APl aids in the production of S

provenance from client applications -

The following types of provenance are collected: |

Time series-based information from a system/host Partal Auto Carrlaton
perspective

Performance metrics tracking froman
application/workflow perspective

ProvEn enables building of accurate Machine

Correlation Coefficient

Temperature Shifted (past values)

Learning models by capturing detailed footprints - P Y L
of large-scale execution traces. : o o Pee) Tomperaure e
ProvEn will supportidentification of sources of s
performance variability in streaming analysis SRR £ o
workflows, and provide runtime guidance to . 2
. Predictive |5
resource allocation systems. ) e
Analytics ¢~
[m] 0 20 40 60 ._T??ne 100 120 140 160
i
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What Can You Search?

Workflow Tracing and Diagnostics Graph traversal

Verifying of metric occurrence Pattern matching, query by example
Workflow stage completion verification Transitive closure, inferencing
Ranges of metrics Value and term based searches

Extracting provenance for single workflow Named graph

Translating two workflow graphs into Reconstruct graph into new form
common representation

Detecting differences/similaries in Cross-referencing

processing

BROOKHIVEN
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Questions?

Kerstin Kleese van Dam, kleese@bnl.gov

BROUKHI’:\'EN

Brookhaven Science Associates NATIONAL LAB



