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\ BACK IN POLAND, BNA'S FATHER, WOJICIECK, WAS AN

EXPEQIMENT AL PHYSICIST, SHE REMEMBERED, AS A

\ SMALL CHLD, WATCHING MIM BLAST TARGETS WITH A \
THUNDEROUS ARGON GUN,

\

[ T

WOJCIECK TESTED THE STRENGTH OF DIFFERENT
MATERIALS - LIKE THOSE IN YOUR SEATBELY - UNDER
STRESS. WHAT IF KER FATHER WAD HAD ACCESS TO A
YAST UNNERSE OF NETWORKED COMPUTERS?

HE HAD TAUGHT HER HOW TO EXPERIMENT.
AND WHILE NS EXPERIMENTS NAD BEEN IN
THE PHYSICAL WORLD, HERS, ON A GRANDER
SCAE, WOULD BE IN THE COMAUTER WORLD.

Woijciech Nowacki

Nicholas and Caroline Deelman
June 2009

Wojciech Nowacki and Ewa Nowacka,
USC Viterbi graphic novel, 4/2018
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8-Hole Punched Tape

Woijciech Nowacki, c. 1974



The Progress of Automation

« Automating arithmetic
calculations

« Automating entire sequences
of computations

« Automating data management

« Automating the management
of computational resources

* Fernbach abstracted the needs
of applications to architect of

- large-scale computing

-+ Fernbach turned scientific

computing into an automated

NERSC, Established in 1974 at LLNL
First machine, CDC 6600 1975

i

Sketch of Sidney Fenbé&i: E)%his brotﬂe Frank Fernbach a n d re p e at a b I e p ro C e S S
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ST https://www.computer-history.info/Page1.dir/pages/Fernbach.html



Pegasus Workflow Management System 2001 éff

Pegasus’ System Model
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High-throughput and High-performance computing infrastructure



Abstraction: Resource-Independent Specification 245

FEAASMS

Input Workflow Specification YAML Output Workflow
formatted
Data Transfer Jobs

é/w—-«s

Portable Description
Users do not worry about low level

execution details Resource-dependent
scripts for job

Logical Filename execution \
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Abstraction: Resource-Independent Specification 245

FEAASMS

Input Workflow Specification YAML Output Workflow
formatted

Data Transfer Jobs
Portable Description Vgl
Users do not worry about low level

execution details
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O Supporting Science over Generations of CI

Pegasus working with LIGO
(Laser-Interferometer Gravitational Wave Observatory)

Nobel
Prize

0
Tine [seconcs|
______Signal at LIGO Livingston Observatory

Multi-messenger
neutron star merger
observation

First Pegasus Blind injection detection First detection of
prototype black hole collision

Image credit: LIGO Scientific Collaboration
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Compilation and Optimization %
Grid-Based Galaxy Morphology Analysis for the National
. Virtual Ob t
Workflow transformations: frnal Lbsetvatory
¢ Partltlonlng to aChIeve Scalabll Ity Information Sciences Institute, University i‘giftﬁzgmn?ﬁnalifomia, Marina Del Rey, CA 90202 (ISI),
. . . . . . deelman@isi.edu
 Hierarchical workflows for just-in-time planning N
a nd IO () p S National Center for Supercom?;ﬁgg Appllilz(;tions, Champaign, IL 61820
. rplante@ncsa.uiuc.edu
« Task clustering to overcome system overheads
and increase computation to Data Reuse

communication/data transfer
« Data reuse: for efficiency and fault recovery

Data cleanup to reduce the workflow footprint > N
Data Reuse
Scheduling: WORKFLOW S Jobs which output
« Scheduling computational tasks HEDUETION data is already
« Data-aware scheduling (for data locality or pruned from the

reduced data footprint) DAG

{Jﬁ%ﬂ—ﬂ Supercomputing 2003.
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Compilation and Optimization %?

Scheduling Data-Intensive Workflows onto Storage-Constrained Distributed
Resources

Workflow transformations:
° Part I-tl on | n g -to aCh | eve sca |a b || I-ty Arun Ramakrishnan!, Gurmeet Singh?, Henap Zhao®, Ewa Deeln}an2, Rizos.S.akellariou:", Karan Vahi?

Kent Blackburn®, David Meyers*?, and Michael Samidi*
 Hierarchical workflows for just-in-time planning,
loops and conditionals
« Task clustering to overcome system overheads
and increase computation to

2007

b Resource 1

communication/data transfer 0 f“ 9
« Data reuse: for efficiency and fault recovery @
 Data cleanup to reduce the workflow footprint L@
SC h ed U | i n g : Xl getpende:,zy ?f;i|e % ‘@
« Scheduling computational tasks | ‘ (8:9)

: : S clean up g

« Data-aware scheduling (for data locality or ! oot Depondoncy

reduced data footprint) e SN i

for job j
Figure 2. Cleanup nodes added to the exe-

cutable workflow.
Figure 1. Executable workflow with 7 com-

e pute jobs mapped to two resources.
WILI'hl

Seventh |[EEE International Symposium on Cluster Computing and the Grid (CCGrid).



Handling heterogeneous workloads: =~ “f%
Running High Throughput Computing jobs

on HPC systems... . Cluster HTC jobs

« Add an MPI based workflow engine
Submit the bundle to the HPC system

Submit Host
(e.g., user’s
l/ laptop)

@

/ - (&

Allows sub-graphs of a Pegasus

USC workflow to be submitted as
Vlterbl monolithic jobs to remote Designed for SCEC, used also by LIGO and others

ach f
s

g resources
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0.0 02 04 06 0.8 1.0
Units of g (acceleration due to gravity)

Useful information for:

v Building engineers
v Disaster planners
v Insurance agencies

USC

Pegasus for Seismic Hazard Applications
Two new Northern California hazard models were produced.

PeOASILLE

OM

Files

945 1 PB
Workflows Data

27,720 jobs Managed by
Pegasus

Staged to USC

2024

45 o5oK

Days Frontier

) OLCF
Duration of 24/7 B hoUTs

operation

25K

Frontera
TACC

Node-hours

High-water marks were 4130 nodes on Frontier (44%)
and 1029 nodes on Frontera (12%)

Viterbi

soctot et | Slid@ Courtesy of Scott Callaghan, USC

Insfersuaiion

Neither used a reservation or priority bump. SC/E C

Sctences Lusestute

AN NSF+USGS CENTER




ChatGPT 5.0 A QUARTER CENTURY
OF SOARING TOGETHER

Layered Architecture

\(\ \
Leveraging proven technologies, building upon layers of resilience 7N ?,. @
60 0y

pegasus

SUBMIT HOST

Compilation Replanning 'F_. i
and Optimization Pegasus Planner W ez i .“gta » | | .npg@zma
checkpointing (@) 2 :
Pre and Post job i CldF JEE A ey
Workflow Engine HTCondor DAGMan  geripts -

Workflow state @ Pegasus Lt

v
v
. Instance .
perSlSten ce * x Output Data
. F.out ‘ b Site
TP » F.out

Job Scheduling HT Condor
to remote
resources

SSUCLERRS Job retries L &

Data x-fer retries g;S\

asr

usc. Long-standing collaboration with Miron Livny and I-I.Icon

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



http://www.casa.umass.edu/
Edge-2-Cloud Applications IR BN
CASA: Collaborative and Adaptive Sensing of the Atmosphere Vo RN

o Has deployed a network of short-range Doppler radars
o Compute and data repositories at the edge, close to the radars
e Use ondemand cloud resources to scale up their computations

Distributed Model, Data Footprint Management, Automated

Data Staging
I

I Runs at
| the
I Edge

— Qo ii]
Intermediate File

@ Output File
@ Compute Job

Edge Site

Object
Storage

O v

\ Input data site
Data staging site
Output data site
Staging Site

Typical cloud computing deployment
Submit Host (Amazon S3, Google Storage)

Viterbi
g ity

2019 This work is funded by NSF, award #2018074



http://www.casa.umass.edu/

—— ose From a proof of concept to winning the 2022

David Swanson Memorial Award

Connor Natzke, .
Physics Student [
Colorado School of Mines §

Investigation of the strong

S : | ¢ Pegasus-based
g | = nucieartorce Monte-Carlo
s simulation, 590,000 Pegasus provided:
jobs, 15 years total 1) Automation and scaling
wall time, 4 hours wall 2) Automatic job retries
i time on Open Science 3) Automation of file
: Grid transfers
2 Managed disk space at
e e e execution sites
- ---c-ébm-- : =R e -““t--bn- )
- d- o¢¢o¢oo¢o¢66oooo o ooé ooooob - =
] [t 2 ] [ | [ ] [ommnter] [ s [imios] [ [ e (immirme] [ [ [ [ ] [ ] [soen | [t ]| [ [ | i | [z | [k | [omm ]
USC

Viterbi
School of Lagineering
infermaion



Supported by NSF Grant #2513101
2025-2030

pegaSUSAI Create Workflow

\ <
D -> 28 <
| | Sz g =
Qo Al models to support )
2

decision making and
user experience

Manual Automated Al-Augmented
Workflows Workflows Workflows

Human- « WMS, static Workflow composition
orchestrated plans, DAGs Resource need and performance prediction
decisions Anomaly detection

ma—— * Predefined Dynamic workflow execution adaptation
Static scripts, execution plans

Learn about the workloads and systems
Predict/design systems to serve the workflows

manual scheduling

W UMassAmbherst 1] i B TERNESSER Make Al-ready monitoring data

_— at CHAPEL HILL KNOXVILLE
School of Lagineering
Ingferination

, available to the community



PegasusAl Team

Front row: Komal Thareja, Sai Swaminathan, Michela Taufer, Ewa Deelman, Mike Zink, Ty Anderson, Kin H. Ng
Back row: Michael Sutherlin, Mats Rynge, Karan Vahi, Berent Aldikacti, lan Lumsden, Micheal Stealey, Kin W. Ng, Dan Scott
USC

,-,_:.—1& THE UNIVERSITY THE UNIVERSITY OF
Vierbi  UMassAmberst ||

of NORTH CAROLINA
School of Lopineering

TENNESSEE
df CHAPEL HILL
Insfersuaiion

KENOXVILLE
Sctences Lusestute



Current version of analyzer pinpoints and highlight failures.

}‘Jr _:( ~

Pegasus Analyzer

PegasusAl

Example:

e

S

2025-09-2519:10:16,985 INFO: /bin/cp -f-R -L '/home/rynge/ACCESS-Pegasus-Examples/04-Tutorial-
Debugging-Statistics/bin/lim-rag.py' '/home/rynge/ACCESS-Pegasus-Examples/04-Tutorial-Debugging-
Statistics/scratch/rynge/pegasus/lim-rag-books/20250925T190853+0000/./lim-rag.py’
2025-09-2519:10:16,991 ERROR: Expected local file does not exist: /home/rynge/ACCESS-Pegasus-
Examples/04-Tutorial-Debugging-
Statistics/inputs/Alices_Adventures_in_Wonderland_by_Lewis_Carroll.txt

USC
W‘tcrbi .

Mats is adding a Pegasus Al assistant
to help interpret the errors.

Mats Rynge
SENIOR COMPUTER SCIENTIST
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The workflow failed dug
**"Expected local file

**Root Cause:**
- The required input fi
- This prevents the tre

**Next Steps:**

1. Verify the file exist:
2. Ensure the file patt
3. Resubmit the work

The remaining unsubn
further execution.

\Intered an error:

Challenges of using Al technologies
Accuracy

Deployment hosted versus local
deployments

Dealing with network problems

Data privacy

Resources usage and costs

.rror will enable

PegasusAl



Prompt obtained from a discussion with LLM

You are a Pegasus workflow validator. Perform **structural &
consistency checks** on a Pegasus abstract workflow.

+  sites.yml
nesy
File

+ | montage-workflow.yml
File ° ’

Perform a A) DAX Integrity 1) Every job.id is unique and
has a job.name. 2) For every job.name, there must be a
matching transformation in the Transformation Catalog
(TC). - If TC tracks namespace/version, prefer exact
match on (namespace, name, version). 3) Every file the
jobs **consume** (uses[].type|link == "input") must have
at least one PFN in the Replica Catalog (RC). 4) If
jobDependencies is present: - All referenced parent/child
IDs must exist among jobs.

Simple Input Validation Opportunities

Here's the result of A) DAX Integrity on your uploaded workflow. =

1) Job IDs & names ChatGPT 5.0

PASS. All 472 jobs have a unique job.id and a job.name . No duplicates or missing

names detected. O montage-workflow

2) Transformation Catalog coverage

PASS. Every job’s name resolves to a transformation present in the TC. In this workflow,
neither the jobs nor the TC specify namespace [ version , so matches are by name-only
(exact (namespace,name,version) match not applicable). No jobs without a TC entry

were found. O montage-workflow

3) Input files have PFNs in the Replica Catalog

PASS. All source inputs (inputs that are not produced by any job) have at least one PFN
in the RC.

* Source inputs identified: 62 LFNs (e.g., region-oversized.hdr , the x-
images.tbl /[ *-raw.tbl/*-projected.tbl [ *-corrected.tbl /*-stat.tbl
tables, and the external poss2ukstu_x/x*.fits files).

» RC provides file:// PFNs for local tables and http:// PFNs for external FITS imagery;
no missing PFNs found.

(Intermediate files produced by one job and consumed by another were excluded

from this check.) O montage-workflow

4) jobDependencies integrity (if present)

PASS. jobDependencies is present; all referenced parent/child IDs exist among defined

jobs. No missing parents or children were T ||, d. O montage-workflow



can you su
understand

USC
Viterbi

School of Lopineering
Imsfarsuaiion
Sctences Lusestute

s i m ple In put Here's the quick, human-friendly readout of the DAX Integrity checks we ran:

« Jobs are well-formed

° °
val I datlon Every job has a unique id and a name .
Why it matters: prevents planner confusion and duplicate execution.

o p po rt u n it i es « Transformations are covered

Each job's name matches a transformation in the Transformation Catalog. (No

simplify some more  fontainer

ob has at least
Sure — super short version:

Jobs: all unique IDs and names — OK

Transforms: every job maps to a known transformation — OK
Inputs: all required input files have a location in the RC — OK

: s . . 4
Dependencies: all parent/child links point to real jobs — OK ¢ executed as a

Bottom line: The workflow’s structure looks solid and ready to plan/execute.

references are valid. If you'd like, | can now run the Dependency Graph Analysis

(cycles/dangling/dead-ends) and Metadata Validation or generate a compact JSON
report you can archive. N2




Abstraction and Intent
_

[mow]  [pwiem [mam]  [mom]  [metm]  [mom]  [ewem] ] [resn] [t @ C hatG P I
fit-0.1xt m‘\ fit-2.1xt | fit-3. txl ’ fit-d.txt ‘ fit-5.1xt fit-6.1xt fit-7.1xt ﬂ'l-s txt ﬂ'l 0.1xt
result.txt input.txt
part-0.txt part-1.txt part-2.txt part-3.txt part-4.txt part-5.txt part-6,txt part-7.txt part-8.txt part O.txt
fit-0.txt fit-1.txt fit-2.txt fit-3.txt fit-d.ixt fiit-5.txt fit-6.1xt fi1-7.txt -8, txt fi-9.xt
-_---‘-_-"""'--—__
Karan Vahi
SENIOR COMPUTER SCIENTIST

Viterbi

School of Lagineering
Infirmation

result.txt
Siences Lustitute



Balance between Creation and Validation and Verification

Growing emphasis on
verification methods and

/ validation of results

More black boxes in the methods—not
only Al, lots of software available for l

reuse and repurposing Growing need for Automation

Easily replicate our own work
Easily reproduce others’ finding
Meta-analysis: Need be be able to

More Al-based methods are being used
to analyze and synthesize data, chose
solutions, etc..

easily re-run the same analysis with
different data and parameters
(potentially a large number of times)
And more

LLMs used to generate codes and
connect codes

* Methods change over time as Al models learn



$f SWARK SWARM: Scientific Workflow Applications ENERGY
on Metasystem
P — ® O O O Intersection of Agentic Al
submit workflows 3 0 L gl Y and Distributed and High-
and jobs to a O m m .
distributed ) ) O performance computing
workload pool m
Compute Jobs .
* Heterogenous agents

Workflows

R <
‘©'/ /I\
Ko /N
Instrument agent

//ci\\/l\

s 0
@ o /] GPU agents
o. / ’§>§)\ ” s ~  Network agents / \
/| \ 2 2 1&] R
/ §)\ 0 /\ /\
\ CPU agents K e &,2:

Swarm Intelligence agents select workload to execute and autonomously adapt

Edge agents

 Inter-agent
communications

» Resilient strategies

Consensus

« Communication patterns

Funded by DOE: DE-SC0024387
2023- 2028



A5 , SNHR U.S. DEPARTMENT OF
S SWAE SWARM team @ ENERGY

USC Viterbi

School of Engineering
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Ewa Deelman, Ph.D. Prasanna Balaprakash, Ph.D. Anirban Mandal, Ph.D.
usc
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Zizhong Chen, Ph.D. Chandreyee Bhowmick, Ph.D. Hongwei Jin, Ph.D.

ORNL ANL RENCI

Imtiaz Méhmud, Ph.D.
LBNL

Fred Sutter, Ph.D.
ORNL
—
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National Laboratory

Erik Scott Shixun Wu Hong-Jun Yoon, Ph.D. Sheng Di, Ph.D. Suman Raj Prachi Jadhav

Fred Sutter, Ph.D.
ORNL




sesWaRt - QWARM Methodology & Findings @ENERGY
-‘1 — Greedy algorithms

SN perform well for
Job Selection - -1 K~ r Simulation .
consensus-based job
selection when
compared to
traditional
consensus protocols

r- Emulation

i

~- System Prototyping

Job Scheduling

Consensus Algorithms

Modeling
Methodology

I
'I
I
'I
i

Overlay Network -

ffj Mathematical Formulation

With sophisticated
prompting, LLMs can

Ring building Agentic frameworks

Sl T RnEe algorithms enhanced can be used for job

algorithms do not
give good solutions
for traditional
problems like job
scheduling

be used for job
scheduling and can
make multi-criteria
decisions, criteria
can be dynamic

by Q-learning scheduling and data
improve the diameter management using
of network overlays tools for information
over traditional gathering and job
methods submission

Utilizing Simulations, the NSF Fabric testbed, and DOE systems at ANL, LBNL, and ORNL



Pushing the boundaries of abstraction and automation
in the scientific lifecycle

Ask h °
p . Downsides

E—_ Research Of Cognitive
. el xisti .
Potential: Resuts .t (D) al - nowledge Automation
* Enhance productivity \ (o * Leads to skill
» Overcome our limited _ . degradation
time, attention, interpret N « Reduction in critical
L. Results . th):apsis . . .
cognition thinking skills
» Enhance objectivity Y |
1 * “This could result in a
Analyze A Gather workforce that is highly efficient,

DEE] Resources

Perform

yet potentially less capable of
independent problem-solving
and critical evaluation.”

EXperiment

Collect Data

Pﬁst;gbi Bgtﬂ"zy‘n'l Krtzyus,sz' et.al. Endoscop@t desl|<t|_lllngtr|sk :—E)fter e>;p03t:re to * Gerlich, Michael. "Al tools in society: Impacts on cognitive offloading and the
i artificial intelligence in colonoscopy: a multicentre, observationa future of critical thinking.” Societies 15.1 (2025): 6.

study." The Lancet Gastroenterology & Hepatology 10.10 (2025): 896-903.



Impact on Science: Al and Automation Change
the Science Workforce Landscape

How will the scientific lifecycle look like in

10-20 years?

 How much of it will be automated?

« Will we still publish papers?

« Are there better ways of expressing
ideas and gaining knowledge

« What happens to human collaborations?

* How will we teach science?

« What skills will we need?

ChatGPT-4: “draw a revolution in the scientific

lifecycle organized by ai robots”

jasus.isiedu



Impact on Society: Can we maintain/enhance %’7
critical thinking skills?

Technology Making People Lazier as

“Ablllty to analyse, evaluate, and Finding the Remote Fast Becoming the
synthesise information to make Only Fonm of Exarciss
reasoned decisions <...> fundamental
cognitive skill essential for academic
success, professional competence, and
informed citizenship” *

* Problem-solving
* Decision-making
» Reflective thinking

https://gawker.com/5919185/technology-making-people-

* Dee P thinki ng lazier-as-finding-the-remote-fast-becoming-the-only-form-of-
exercise

e * Gerlich, M. ‘Al Tools in Society: Impacts on Cognitive Offloading and the Future of Critical Thinking”

=T Societies 2025, 15, 6.



Summary thoughts on Al automation

* Tremendous opportunities to improve systems, make
new scientific discoveries

* We need methodologies to quantify and verify, validate,
and curate Al solutions

 How do we curate knowledge, how we exchange ideas
and findings?

 How we improve productivity while maintaining human
collaborations and satisfaction?

 How to use Al to improve education and enhance critical
thinking skills?

Viterbi
g ity

https://pegasus.isi.edu



FEAASMS

and inquisitive

“To be creative, %u have to dislike
being bored. And I don't think a

computer will ever feel bored”

Kai Lars Polsterer
Heidelberg Institute for Theoretical Studies
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