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Scientific Workflows and Leadership Class Computing

Workflows: state-of-the-art and Needs
« Workflows: tackling (some of) the challenges

o Workflows Community: sustaining a community roadmap
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Leadership Computing Facility (LCF)

Provide the computational and data resources required to solve the most challenging problems

2-centers / 2-architectures
address diverse and growing
computational needs of the user-facility program

scientific community collaborative DOE Office of Science
program at ORNL and ANL

highly competitive user allocation
programs (INCITE, ALCC)

liaisons / catalysts

LCF centers partner with users to enable
science & engineering breakthroughs

Projects receive 10x to 100x more resource
than at other generally available centers
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Oak Ridge Leadership Computing Facility

Top 10 supercomputer in every year
since LCF was founded in 2005

Jaguar, Titan, Summit, and Frontier are the 1018
only DOE/SC systems to be ranked #1 on T K o

the TOP500 list of fastest computers ok, | ',_Frw NHER
0 i ————

AMDT

Frontier
Cray Shasta >1.6 EF

+ 4 Purpose-Built AMD Radeon Instinct GPU
1 HPC and Al Optimized AMD EPYC CPU

enbii LA

T | A

Summit ~10 PB of high bandwidth and DDR memory
Titan IBM 200 PF Cray four-port Slingshot network (100 GB/s)
Cray XK6 27 PF 6 NVIDIA GPUs, 2-4x performance and capacity of
Jaguar NVIDIA GPU, AMD CPU 2 Power CPUs Summit’s 1/0O subsystem
Cray XT5 2.3 PF oMW 13 MW 29 MW
AMD CPU / 7 MW
2012 2022
Petascale (Exascale)
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S Cle N hf'C W O I’kﬂ OWS (traditional view)

A task often represents a program
task - (or script) written in any programming

\ language (closed box**)
\

- ~ = -

7
N
dependency Dependencies are typically based on the data flow.
| It can also be expressed as conditions, exceptions,

user triggered action, etc.
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Modern Scientific Workflows

Workflow development overview
Workﬂow

Data Software Ystia Execution
B0
DescrI;llons ‘\//* S(O‘N

Data Logistics PyCOMPSs
Pipelines Code

Autonomous Multiscale Aims to Break this Pattern by Directly
Integrating Simulation, Data Collection, and Training

5. execute

_;ig’-

3. Deploy

4. share

, endpoint to invoke
AMS = TOSCA D 1. Create Workflow ___the Workflow
AMS Physics p/vnarnic Workflow Descripti&‘r:_\ F
Start Coarse 7 AY
Physics Compute / \ \
> P (SPMD E on) I t Description of data m: | C jonal Workflow as a (O O]
as python functions. | 5|mple python scnpt
| |amiom| | e i *——> Redis DataBase B
Client ]
A Topology of fhe component; invol\{ed inAthe \
. Query TM- workflow lifecycle and their relationship. -\.. e
/\ f Continuous Learning | 10
e S Update Model 3 Aeoese To Mogul .
. y‘m pe - S Courtesy of Rosa M. Badia (BSC)
M~\‘
Gather Verification Module
o Cerebras
Continue coarse
scale time step
.
A workflow that allows for continuous update of

‘ Lawrence Livermore National Laboratory

NIYSE

— ==

Courtesy of Timo Bremer (LLNL)

rewards for new sequences generated
[ Target

property I

l—l

[ Parameters ]

- * To learn more visit us at the Gordon Bell
Thinker _.[ Optimal u to ] Award talk for COVID-19 research
prompt for target « C142-145Wed, Nov 16, 10.30 AM

s .

[ (new) Parameters ] .

The workflow has many aspects that are
unique to biological data analyses
Implemented with Colmena which also
executes across multiple sites

* Scaling out across sites and across multiple
architectures can be challenging
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Reward
Guided

Generation

( Bayesian Optimization

[ Sequences }

L to sample f,

)

* Not limited to one learning approach but can

potentially exploit multi-modal, multi-view
learning from data

* Smart and Al-enabled optimization of workload

resources

Courtesy of Arvind Ramanathan (ANL)



Interaction with Computer Science Disciplines
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Overview of Scientific Workflows Research Challenges

Community Building -----coeoee- Education and Training J ------------ Community Events J ------------ Community Roadmaps J ------------

Stru;ture J Comp;sition J Archit.ecture J Moni;oring J Data Mar;agement J Optim.ization J Exception J
sequence | Lo tnguage | Godpc ) e pownnce | s | Tme  Jubo oma | Swerine
Parallelism J Interoperability J HTC J : Metadata J In transit J Energy J Network J

Composability J Cloud J Anomaly J Budget |- Tenancy J
FAIR ] Edge ) E Introspection | Co,
Quantum J
QAKX RIDSE




The Universe of Workflow Systems

Forcing applications to fit a g
particular system

Needs a developer to be
“shipped” with the
workflow system

]
P
\\
b

The term “workflow” is
overloaded

e °\
0?2 &

J
%

https://s.apache.org/existing-workflow-systems

325 workflow systems as of Mar 9, 2023

X
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The 2021 Community Roadmap

%

arXiv.org > ¢s > arXiv:2110.02168

Computer Science > Distributed, Parallel, and Cluster Computing
[Submitted on 5 Oct 2021 (v1), last revised 8 Oct 2021 (this version, v2)]

A Community Roadmap for Scientific Workflows
Research and Development

Rafael Ferreira da Silva, Henri Casanova, Kyle Chard, Ilkay Altintas, Rosa M
Badia, Bartosz Balis, Taind Coleman, Frederik Coppens, Frank Di Natale, Bjoern
Enders, Thomas Fahringer, Rosa Filgueira, Grigori Fursin, Daniel Garijo, Carole
Goble, Dorran Howell, Shantenu Jha, Daniel S. Katz, Daniel Laney, Ulf Leser,
Maciej Malawski, Kshitij Mehta, Loic Pottier, Jonathan Ozik, J. Luc Peterson,
Lavanya Ramakrishnan, Stian Soiland-Reyes, Douglas Thain, Matthew Wolf

The landscape of workflow systems for scientific applications is notoriously
convoluted with hundreds of seemingly equivalent workflow systems, many isolated
research claims, and a steep learning curve. To address some of these challenges
and lay the groundwork for transforming workflows research and development, the
WorkflowsRI and ExaWorks projects partnered to bring the international workflows
community together. This paper reports on discussions and findings from two virtual
"Workflows Community Summits" (January and April, 2021). The overarching goals of
these workshops were to develop a view of the state of the art, identify crucial
research challenges in the workflows community, articulate a vision for potential
community efforts, and discuss technical approaches for realizing this vision. To this
end, participants identified six broad themes: FAIR computational workflows; Al
workflows; exascale challenges; APIs, interoperability, reuse, and standards; training
and education; and building a workflows community. We summarize discussions and
recommendations for each of these themes.

Comments: arXiv admin note: substantial text overlap with arXiv:2103.09181
Subjects:  Distributed, Parallel, and Cluster Computing (cs.DC)
Cite as: arXiv:2110.02168 [cs.DC]

(or arXiv:2110.02168v2 [cs.DC] for this version)
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We summarize the discussions and
findings by presenting a consolidated view
of the state of the art, challenges, and
potential efforts, which we eventually

synthesize into a community roadmap

https://arxiv.org/abs/2110.02168



Challenges

Theme Challenges
FAIR * Define FAIR principles for computational workflows that consider lhe
C . plex lifecycle|from specification to execution and data products
omputational

* Define [metrics)to measure the FAIRness of a workflow.
Workflows : e S :

* Engage the community to define principles, policies, and best pracuces

* Lack of support fo of compute resources and|fi data
Al management features, versioning, and data provena apabilities
Workflows * Lack of capabilities for enabling workflow|steering and dynamic |workflows

* Integration of ML frameworks into the current HPC landscape

L * Resource allocation policies and schedulers are not designed for workflow-
aware abstractions, thus users tend to use an|ill-fitted job abstraction l
Challenges : ks

* Unfavorable design of resource descriptions and_mechanisms for workflow
and Beyond :
users/systems, and lack of]fault-tolerance and fault-recovery|solutions

» Workflow systems differ by design, thus interoperability at some layers is

‘IA‘I: s, Reu;ftl.'t likely to be_more impactful than others
al:j ;rcs)t;:;rsa: dlsy’ » Workflow|standards|are typically developed by a subset of the community

* Quantifying the value offcommon representations|of workflows is not trivial

» Many workflow systems have high barrier to entry and lack[training material
Training Homegrown workflow solutions |and constraints can prevent users from
and Education reproducing their functionality on workflow tools developed by others

of the workflow technological and conceptual landscape

Building * Define what is meant by al ‘workflows community’ |

a Workflows * Remedy the inability to link developers and users to bndge[translatnonal gaps]
Community  Pathways for participation in a network of researchers, developers, and users
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Proposed Community Activities

Theme Community Activities

FAIR * Review prior and current efforts for FAIR data and software with respect to
. workflows, and for FAIR workflows

Computational

Wikl * Define recommendations for FAIR workflow developers and systems

Automate FAIRness|in workflows by recording necessary provenance data

* Develop comprehensiveluse cases for sample problemslwith representative

Al workflow structures and data types
Workflows * Define a process for characterizing the challenges for enabling Al workflows
* Develop Al workflows as a way to HPC systems

Biaeaats * Develop documentation in the form of jworkflow templates/recipes/miniapps

Challenges for executi igh-end HPC systems
& * Specify| benchmark |workflows for exascale execution
and Beyond : -
* Include workflow requirements as part of the| machine procurement process

* Identify differences and [commonalities]between different systems

* Identify and characterize domain-specific efforts, identify workflow patterns,
and developf business process workflows and serverless work-
flow systems

APIs, Reuse,
Interoperability,
and Standards

* Identify basic sample[workﬂow pattems,] develop a community workflow
Training knowledge-base, and look at current research on technology adoption
and Education ¢ Include workflow terminology and concepts in |university curricula I and
software carpentry efforts
Building * Establish alcommon knowledge-base Jfor workflow technology
a Workflows  * Establish a| Workflow Guild:|an organization focused on interaction and good

Community relationships and self-support between workflow developers and their systems

OAK RIDGE
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Roadmap

Thrust

Roadmap Milestones

Definition of common
workflow patterns and
benchmarks

* Define small sets of Bvorkﬂow pattern and benchmark]deliverables, and implement th i w w_systems
* Investigate automatic generation of patterns and configurable benchmarks (to enable|weak and strong scaling experiments

* Establish or leverage a|centralized repository to host and curate patterns and benchmarks

Identifying paths toward
interoperability of workflow
systems

* Define interoperability for different roles, develop a[horizontal interoperability](i.e., making interoperable components), and establish a

requirements document per a
* Develop real-world workflow| benchmarks, use cases|for interoperability, and common APIs that represent workflow library components

* Establish a[workﬂow systems developer community

Improving workflow systems’
interface with legacy and
emerging HPC software and
hardware stacks

* Document a[machine-readable description of key properties]of widely used sites, and[remote authentication]needs from the workflow perspective

* Identify new workflow patterns (e.g. motivated from Al workflows), attain| portability across heterogeneous hardware, and develop aof
execution environment information

* Organize a[community event]involving workflow system developers, end users, authentication technology providers, and facility operators
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National Academy of Sciences, Engineering, and Medicine Report

_ NATIONAL  Senees. The needs and demands placed on science to address a range of urgent

A\ ACADEMIES sieticne

\ problems are growing. The world is faced with complex, interrelated

challenges in which the way forward lies hidden or dispersed across

disciplines and organizations. For centuries, scientific research has
progressed through iteration of a workflow built on experimentation

or observation and analysis of the resulting data. While

computers and automation technologies have played a central role in

research workflows for decades to acquire, process, and analyze data,

Automated Research._ these same computing and automation technologies can now also
Workflows for '

Accelerated Discovery
Closing the Knowledge Discovery Loop new experiments or decision making about new observations.

control the acquisition of data, for example, through the design of

Consensus Study Report

https://doi.org/10.17226/26532
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Workflows: Tackling
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Modeling and Simulation

Cyberinfrastructure Simulation Workbench
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SIMULATORS OF WORKLOAD
EXECUTIONS WITH RUNTIME

SYSTEMS g g g

.. SIMULATORS

SIMULATED RUNTIME SYSTEMS

e General-purpose runtime systems
e Workflow management systems
e Research prototype runtime systems

SIMULATED CORE SERVICES

e Computation (Cloud, Batch, Rack)
» Storage (XRootD, Globus, FTP)

» Network Monitoring (Vivaldi)

o Data Location (Replica Catalog)

SIMULATED PLATFORM
® SimGrid S4U API

SIMGRID

Y

WRENCH USER API {CA:E'

v

RUNTIME SYSTEMS

Lily

v

WRENCH DEVELOPER API

S

'l'l

@?5%

CORE SERVICES

7 Y Gel

TSIMERD
)

B

¢ WRENCH

https://wrench-project.org

r

“SIMRD
)

https://simgrid.org

Accurate and scalable
simulation models of
hardware/software
stacks




, L3 WfCommons
Framework for Enabling Workflow Research https://wEcommons . org

and Development

< Workflow Production WMS Workflow )
WfCommons is a community framework that Applications ) < Execution Logs

provides a collection of tools for analyzing l T

workflow execution instances, producing " Research . o workow |
realistic synthetic workflow instances, and B, Ouicomes y Bonchmarts o '
simulating workflow executions

< Simu.lation ) ( Wfinstances
Output <<WfFormat>>

WFSim WfBench

<<WfFormat>> <<WfFormat>>

Realistic
)ﬂ |l ( Workflow
Synthetic Workflows WifGen )
<y <<WfFormat>> ReCIPeS )

representative, realistic synthetic $WfCommons

instan from workflow reci Concept
%OAKRIDGE stances fro orkflow recipes ; = Concepl .
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WifChef

<<WfFormat>>

T

Open source Python package to
analyze instances and generate




WifBench: Workflow Benchmarks

[ioms] [oms] [toows] e bt o ke Representative
A T | | tasks and
() () () workflow
|1\90l;| |1\90I;| I;Ih; benchmarks

]

45MB (| 75 MB

:]j JM’/ ) \”M )

Analysis of

workflow system
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overhead

Data Footprint (GB) © 100 A 1000

® blast ® cycles ® epigenomics ® montage @ soykb

N w B
o o o

Throughput (tasks/sec)

N
o

0 ~
1,000 10,000 50,000 100,000
# Tasks

1 data footprint | throughput
T #tasks 1 throughput

© blast A cycles »* epigenomics < montage =/ soykb

1,000 10,000 50,000 100,000
# Tasks

Fig. 10. Workflow execution time (or total overhead) vs. number of tasks.



Cross-Facility Workflows

Instrument Facility

° INSTRUMENT
Have emerged from the need for processing and %
storage is continually increasing

Sensitive Data
Generation

These workflows use cross-facility resources
(computational, storage, and visualization), and

- ®

Raw Data
advanced network capabilities for large data movement
EDGE COMPUTING LOCAL STORAGE
"Iustrative use case Non-Sensitive Trained
Data Model

Data
Pre-Processing

% Data [ ¥ Cé) Data Cé) Data Cé) E "

Generation Transfer Transfer
INSTRUMENT EDGE COMPUTING STORAGE SYSTEM REMOTE STORAGE STORAGE SYSTEM LARGE-SCALE
SYSTEM HPC SYSTEM
Instrument Facility Computing Facility

OAK RIDGE

20 National Laboratory




Cross-Facility Workflows: Challenges

Data movement across Lack of common
facilities require high representations
bandwidth and (or interfaces) to
dedicated links describe workflows

Complex authentication,
authorization, and
accounting (AAA)
mechanisms within and

across facilities

Policies for sensitive

data may limit the
ability for external

workload processing

Facilities have different
software stacks and
more importantly
different sets of policies

%OAK RIDGE
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Zambeze Framework

SCIENTIST
EXPERIMENT DESIGN
C F APl |
OMMON FORMAT Jupyter
(COMPUTATION + DATA) B

AUTHENTICATION TOKENS

COMPUTING AT THE EDGE

AUTHENTICATION

gg INSTRUMENT
A

DISTRIBUTED
ORCHESTRATOR

EXPERIMENT |

MONITORING / STATUS

63%06 QUEUEING
o0 SYSTEM
)]

ECOSYSTEM
FRAMEWORK

DESCRIPTION

COMPUTING / DATA /
CONTROL MESSAGES

= -~

] \

1 1

1 1

1 1

DISTRIBUTED ! :

ORCHESTRATOR ,

DISTRIBUTED |

DATA TRANSFER /
CONTROL MESSAGES

TRIGGERS
DATA
TRANSFERS

PRV W

53K

\
1
|
|
|
|

ORCHESTRATOR M- o - — = a

AUTHENTICATION

COMPUTING / DATA /\
CONTROL MESSAGES

U, T
]
1
1
1
1

DISTRIBUTED m

ORCHESTRATOR l\ Vs

- —

€

DATA

ot

EDGE COMPUTING
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STORAGE SYSTEM
FEDERATED STORAGE

FEDERATED
DATA MANAGER

MOVEMENT

1 &

STORAGE SYSTEM
FEDERATED STORAGE

(ADIOS2) %

CENTRALIZED QUEUING
SYSTEM AND DISTRIBUTED

ORCHESTRATION

COMPUTING AT LARGE
HPC ENVIRONMENT

AUTHENTICATION

HPC SYSTEM



ExaWorks

PSI/J, a Portable Submission interface for jobs

Motivated by a sequence of interviews and community
meetings identifying job launch/management as low hanging
fruit

Community generated a light-weight user-space API
Specification via a public process hosted on GitHub

ECP ExaWorks team created an Initial Python reference
implementation

ECP ExaWorks creating a public dashboard and CI
infrastructure for multiple DOE compute centers that could be
extended by community
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ExaWworks

https://exaworks.org

Workflow Workflow
System System
ExaV\Iorks PS |/.J
- -

import jpsi

jex = jpsi.JobExecutor.get_instance('slurm")

def make_job():
job = jpsi.Job()
spec = jpsi.JobSpec()
spec.executable = '/bin/sleep’
spec.arguments = ['10']
job.spec = spec
return job

jobs = [1]

for i in range(N):
job = make_job()
jobs.append(job)
jex.submit(job)

for i in range(N):
jobs[il.wait()
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Sustaining a Community
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: workflows
community

https://workflows.community

Workflows Community Initiative

The goal of the Workflows Community Initiative (WCl) is to bring the workflows
community together (users, developers, researchers, and facilities) to provide
community resources and capabilities to enable scientists and workflow systems
developers to discover software products, related efforts, events, technical reports,
etc. and engage in community-wide efforts to tackle workflows grand challenges.

Greenland
Q g~ workflow
. Ki larys o Systems
Ukraine™; " Kazakhstan M i
North \ ongolia
orth U.Q. euven Atlantic " e Torkmenistsh Eejeg 9 N )
acific " gcean oo = P4 community
gy a7 0 !
Mex Cuba AN ® il Bangladesh m e m e rS
Ni
it gudmn e Cambodia Philippines
Colombia T Cameroon S Maldives Malaysia k.
0 - . 6 working
Peru il Angol: BeouBasny g ro u ps
P Mozambig Rose Hill
) .. 3 o
outh e SaoBaulo : South Africa = 2Brisbane
We are always s B D
. Pacific gt Ocean L “Sydney h
looking for Ocean e Q) 4 researc
frameworks
volunteers... )

OAK RIDGE

25 National Laboratory




workflows
N community

https://workflows.community

Workflows Community Summit 2022

Nov 29 and 30, 2022

- 1 Iﬁ/ = - J
; ‘\l\ > ) :
dan ' 'y -

o)

Community
Summit 2022

Marcus Hilbrich | Nishant Saurabh "l B = Workflows
\ Community

~ " ) .
- e 'Y -
[ b 3
Martin Foltin o P F | Summit 2022
iy et iy ”’A
= ; an "
| id :
AT ¥ ] \ —U )
e = ¥ |
nn Man .o ¥ erto Mulone
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3y workflows
Revised Roadmap: Initial Thoughts WS commnity

Specifications, standards, and APIs

Standards are often constrained or hard to implement
Define common terms, building blocks, and concepts
Define some standard for giving data from user to workflow systems/operators

Al workflows

Unreliability of models — training processes often have a human-in-the-loop
Types of workflows — workflows to create Al and workflows that use Al
Challenges: random access to datasets in training and management of small files

High performance data management and in situ workflows

Edge to cloud continuum and data exchange through data objects
Data usage is more fine-grain than a typical HPC code
Adaptive compression to reduce data necessary to represent the problem domain

> %OAK RIDGE
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3y workflows
Revised Roadmap: Initial Thoughts WS commnity

HPC and Quantum workflows

Community do not know how to transfer information to the QC system
Limited resources (hard to access), long queues & expensive
Heterogeneity in quantum devices (vendor specific APIs)

FAIR workflows

Standards for expressing the inputs of the workflow
Limited availability of metadata
FAIR data and FAIR workflows are intertwingled

Workflows for continuum and cross-facility computing

Describe aggregate 1/O needs of a workflow
Coordinate communication between sites (different security domains)
People who design experiment facilities are not necessarily computing experts

0 %OAK RIDGE
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