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Workflows coupling simulations to Al

e Traditional simulations
- Parallel I/O libraries for high throughput write
- Feeds data to Al consumers

- Could steer Al training based on drift
detection

« Al analysis codes
- Multi-threaded data loaders for high

throughput reaq | Loading Simulation
- Steers the HPC simulation random output
— Starts ensemble simulations for training samples

© Checkpoint

« Storage %

- Store simulation data .’
- Store provenance data for fraining .’
- Store model checkpoints

OAK RIDGE

National Laboratory




Types of workflows

Motif Scope Concurrency Humanin Composition Distribution
the Loop
Improves Al

Adaptive
aip
raining Optional Real-time No HIL Dynamic Local

Inverse

Design Improves Both

Digital
Replica

Multistage
Pipeline

Distributed
Models

Improves HPC Real-time

Optional HIL Static Distributed

Dynamic
Orchestration

OAK RIDGE
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Al-coupled HPC Workflow Applications, Middleware and Performance, Wes Brewer, Ana Gainaru, et al, arXiv 2024



Filesystem limitations

12
S B HPC Simulation  m Al Training
© 10
&
s 8
o
S 6
°
2 4
2
=

0

ADIOS HDF5 NetCDF MPI-10
Results for POSIX calls on the Lustre filesystem

Median slowdown factor for the I/O performance of two applications
* Running coupled vs running sequentially
« HPC code generating S3D combustion data (1.5TBs)
« Al code training in batches over random samples of generated data

OAK RIDGE
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Table of contents

o Start from simple to complex workflows

« Data management strategies
— Transferring data between HPC and Al
— Finding relevant datasets for training
— Preparing data in Al-digestible format
— Connect to agentic frameworks




Al workflows in their simplest form

Inference for WSl segmentation

N5 - N .

Sl S8 National
< E§T, Science

/7 Foundation

Q. = Pl

« HPC and Al are separated Loading

. random
— Datasets exists on storage samples

e Previous simulation runs @

« Experimental data w
— Pre-process is required w

 Mapping and normalization

e Batch creation

Read WSI Pre-process m Read tiles pele1111}%

OAK RIDGE ) . . ope .
National Laboratory Understanding the Impact of Data Staging for Coupled Scientific Workflows, Gainaru et al. TPDS, 2022




4 N\ Data

Al workflows in their simplest form staging
Pre-process ——

Inference for WSl segmentation

8 National

rSF‘ Science 4 J

2 Foundation

« HPC and Al are separated Loading
— Datasets exists on storage bl

* Previous simulation runs
« Experimental data

— Pre-process is required .
 Mapping and normalization 120

1/0 Type
B Traditional
B Optimized

%
?
: 0 7 Z
 Batch creation v 100 w @ w %
E g7
o 80 . % / / g
g g g % g g 10x
Staging through memory c.B8 9 7777 .
.2 : 77 7777l » ¢
eliminates the filesystem mg - g Z g . . 77 ? 2
slowdown % 9 0 7 0.7 7Y% 7 % % 8

( g 1o

Total 1/O time for analyzing differen
pathology Whole Slide Images

OAK RIDGE . _ o _
National Laboratory Understanding the Impact of Data Staging for Coupled Scientific Workflows, Gainaru et al. TPDS, 2022




/O Framework

« HPC parallel I/O library (ADIOS)

— Self-described data

o Concepts of variables and simulation steps
« Statistics for each block of data

— Publish/Subscribe API
- Query engine
» Fetch desired variables, steps and blocks

« GPU-backed to connect to Al

— Streaming directly to pytorch tensors
— Round robin, random access patterns

OAK RIDGE
nal Labor

ADIOS Performance on Frontier
B WarpX mXGC

WarpX 70GB - 360TB

n XGC-ITER2.1-69TB
S~
m 4
=
| II

128 256 512 1024 2048 4096
Nodes

100

80

60

40

THROUGPUT [GB/S]

20

0
Kokkos backend

Throughput for streaming 1TB of fusion
data from 200 nodes (7200 processes) to
tensors in 100 nodes for random access



Active learning

Data
staging

« Traditional training .

- Naive uniform sampling of the input space

- Imbalance data coverage

« Some areas unnecessary over-sampled while others
have sparse data coverage

—~ Increasinlg the amount of training data to
Y

Start ensemble
simulations

eventually fill the coverage gaps s L -
. : Uncertainty :
* Active leaming . . . propagation :
- Balance exploring uncertain areas with eteaeeareeeeeeeetesteseesssteseessstessessessssessessesestesseneenes N
exploited areas
- Bayesian approach to capture uncertainty in a
deep neural networ X —w] =
Staging through memory
eliminates the filesystem
slowdown )

200 400 600 800

0 100 200 300 400 0
Epoch

Epoch

Classical Training Active Learning
OAK RIDGE
National Laboratory Adaptive Generation of Training Data for ML Reduced Model Creation, Mark Cianciosa et al, BISD 2022




More efficient active learning

Data

staging g

. . . ‘. _ /:

» Fetch dafa if it exists 7
- Large scale sampling data Start ensemble

simulations ’
— Large number of samples l ...................................... ‘ ..................... ,
— Distributed datasets — '

. If dat ists
Find relevant datasets fetch frorr? :’Iroer);ge l

Fetchrel tdat t N—
elicn rewevan ata partis U

Prepare the relevant data parts

OAK RIDGE
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Framework to manage campaigns of datasets

« How do we store data and make them known and accessible by Al
and humanse

- Assumption; Leave the data where it is (found its long-term storage) and access it
on demand

Qol computation

Query engine

Remote access

%OAK RIDGE

National Laboratory




Framework to manage campaigns of datasets

« How do we store data and make them known and accessible by Al
and humanse

- Assumption; Leave the data where it is (found its long-term storage) and access it
on demand

Collect and distribute metadata across multiple runs and multiple analysis

Metadata management : Input configuration :

- Code version .

Qol computation : Performance :

. : Analysis :

Query engine : Images :

: Dataset location ¢ =

Remote access : Replicas . >

Indexing
Schemas

OAK RIDGE

National Laboratory




Framework to manage campaigns of datasets

« How do we store data and make them known and accessible by Al
and humanse

- Assumption; Leave the data where it is (found its long-term storage) and access it
on demand

Collect and distribute metadata across multiple runs and multiple analysis

Compute on the fly math expressions over
existing datasets and store statistics

Qol computation

Query engine \\ - =
Cyclones found X /’J

Remote access in 6-hourly data | S s .
\W\ \,_,

hourly 6-hourly

« Store derived data
« |f access of the data is frequently needed
« Store only metadata
« For querying
« Store only the expression
OAK RIDGE « Qol for compression

National Laboratory



Framework to manage campaigns of datasets

« How do we store data and make them known and accessible by Al
and humanse

- Assumption; Leave the data where it is (found its long-term storage) and access it
on demand

Collect and distribute metadata across multiple runs and multiple analysis

Compute on the fly math expressions over
existing datasets and store statistics

Qol computation

Query Qol and data to restrict read to regions

Query engine and objects of interest in the format needed

Remote access

« Multi level querying engine
« On campaign indexes
e.g. get all runs ran by version X of XGC
using diffusion coefficients Y
« On Qol and variables
E.g. getf blocks where temp > 50F
QAKRIDGE «  On accuracy




Framework to manage campaigns of datasets

« How do we store data and make them known and accessible by Al
and humanse

- Assumption; Leave the data where it is (found its long-term storage) and access it
on demand

Collect and distribute metadata across multiple runs and multiple analysis

Compute on the fly math expressions over

Qol tati existing datasets and store statistics
ol computation

Query Qol and data to restrict read to regions
and objects of interest in the format needed

Query engine

Remote access

Use more advanced methods than FTP for
remote access with new abstractions

M-dimensional sub-selection of N-dimensional array

Lossy compression to guaranteed user-specified accuracy

Integration into existing 1/O library (same code for remote and local data)
Caching data for accelerating future reads

OAK RIDGE

National Laboratory




Demo remote access

du -sh ../data/ptj.field.bp/
5T ../data/ptj.field.bp/

bpls -1 ../data/ptj.field.bp/ -a

double derive/magnitude {2560, 960, 3456} 3.17757e-05 / 0.123181

double pressure {2560, 960, 3456} = 14.255 / 14.3143

double species {19, 2560, 960, 3456} = -3.94u432e-16 / 0.787592

string species_names attr = {"H2", “NH3Y, “NO"“, “N20". "02", “HM, "O0™, “OH",
IIH202", IIN02II‘ IIHNO"' |INIII IINNHII’ IINH2H‘ IINHH‘ IIH2NOH' IIN2II}

double temp {2560, 960, 3456} 6.16111 / 17.8856

double uvel {2560, 960, 3456} -0.165443 / 0.11861

double vvel {2560, 960, 3456} -0.0940508 / 0.0981026

double wvel {2560, 960, 3456} -0.103878 / 0.10689

1.5TB Of S3D data bpls -1 ../data/ptj.field.bp/ -d temp | less

th*y JINCIEHER

4—_—»

bpls -1 ../data/ptj.field.bp/ -d derive/magnitude
double derive/magnitude {2560, 960, 3456} = 3.17757e-05 / 0.123181

bpls caught an exception
No data exists for this variable

Frontier

« 1.5TB combustion data
« Magnitude of velocity identified as Qol
« Staftistics are stored but no data

Visualize temperature
areas of intense burning
OAK RIDGE

National Laboratory

n H02 n




Demo remote access

P HER

----"»

1.5 TB of S3D data

Visualize temperature

areas of intense burning

OAK RIDGE

National Laboratory

$ adios2_campaign_manager info demoproject/Frontiér_sSd_OOl
info archive

Armewa~ o~ - O . ~ - 1 ' AN Al Al Al T ATy AA mama

AUVivo walipadsyll ALrviiave, VEL DO4AVIl V.4, LITALTU Vil &UCS™T UTT U LT.J17 V. 1aUaca

hostname = OLCF  longhostname = frontier.olcf.ornl.gov

dir = /lustre/orion/csclid3/proi-shared/s3d/demo_sinagle_step/run

dataset = ../data/ptj.field.bp created on 2024-04-03 15:25:14

$ dropbox-sync-cscld3-to-cloud

Frontier + Campaign file of 1.2 MB

« Conftfains location of the dataset
« Synced with laptop via Dropbox

adios@LAP131864:~/test/demo$ adios2_campaign_manager info csclid3/demoproject/frontier_s3
info archive
ADIOS Campaign Archive, version 0.1, created on 2024-04-04 14:37:07.116121
hostname = OLCF longhostname = frontier.olcf.ornl.gov
dir = /lustre/orion/csclu3/proj-shared/s3d/demo_single_step/run
dataset = ../data/ptj.field.bp created on 2024-04-03 15:25:14

adios@LAP13186U:~/test/demo$

bpols -1la csclud3/demoproiect/frontier s3d 001.aca

double
double
double
string

‘IOII, IIOHII,

double
double
double
double

../data/ptj.field.bp/derive/magnitude
../data/ptj.field.bp/pressure
../data/ptj.field.bp/species
../data/ptj.field.bp/species_names

n H02" . IIH20" : "H202|l ’ ||N02 n ’

../data/ptj.field.bp/temp
../data/ptj.field.bp/uvel
../data/ptj.field.bp/vvel
../data/ptj.field.bp/wvel

adios@LAP13186U:~/Test/demo}

Local laptop -

attr

{2560, 960, 3u56} = 3.17757e-05 / 0.12
{2560, 960, 3u56} = 14.255 / 14.3143
{19, 2560, 960, 3u56} = -3.94U32e-16 /

{2560, 960,
{2560, 960,
{2560, 960,
{2560, 960,

= {"HZ",
"NII' llNNHI!' IINH2II,

3U56}
3456}
3456}
3456}

IINH3III IINOII' IIN2OII' IIO‘
"NH", "H2NO", uNzu}

6.16111 / 17.8856
-0.105443 / 0.1186
-0.0940508 / 0.098
-0.103878 / 0.1068

List of variables as all metadata as
if data is local



Demo remote access

g,OA K RIDGE
- Nati¢ nal Labor: tory

® Ersy

1.5 TB of S3D data

Visualize temperature
areas of intense burning
OAK RIDGE

National Laboratory

filel = open(queryFile,
queryContent = [

+ queryVarName +

+ str(maxval) +
+ str(minval) +

+ start3D + + count3D +

Define query

Local laptop « In exactly the same way it would be
defined for local data

« Get temperature where magnitude
< 0.7 with 0.01 accuracy

I« ~ncc@Al A 12710411
Gl ‘;’\'JL,,HDJ_ 51004,

1AV O

a 0 6L $ time python3 plot/plot2D.py —-i csclu3/demof
ier_s3d_00l.aca -v ../data/ptj.field.bp/temp -plane xz -o temp -e 0.1
Variable min=6.16111 max=17 g BICIE
GS Plot step O processing s

Login Window Remote
Remote Host: dtn.olcf.ornl.gov

tation step 0

« Download blocks
« 139 blocks
« 13.8seconds
« 1.3 GB fotal data



Demo remote access

ols  Catalyst Macros  Help
ﬁgi\/" A4 D>PPPE Tmeo ~llo |5 :3{,5,’
R RO BF QAR ELABLAC P PCO G [§ o
& @

%) ENERGY rrfﬁ’&ji" IR =1\

_ Pipeline Browser B | ™ Layout 418
=y — - - ~ .
:. - ‘ — — & buitn: @ B 0@ s =% ALGRER NS E AL =1 Renderviews | (11| = |8
* @temp 0.01bp

AMDZ1

1.5 TB of S3D data

Information

B.png  temp.
png temp
" Apply Q@ Reszt % Delete

== Properties (Slice1)
Slice Type | Plane

Plane Parameters

V! Show Plane

V! Show Outline and Intersection Edges

forigin 11776 384 2240

ormal | 1 0 0

INote: Use 'P' to pick 'Origin' on mesh or 'Ctrl+P" to
fsnap to the closest mesh point. Also, use 'N' to pick

‘Normal” on mesh or 'Ctri+N' to snap to the closest
Imesh point normal, if it's available.

X Normal Camera Normal

¥ Normal
Z Normal

Reset Camera to Normal

Local laptop - Visualize data in Paraview or any
other software

Visualize temperature

areas of intense burning
OAK RIDGE

National Laboratory




HPC Campaigns for Al

e Single campaign
— Campaign Ip700_p3.75_d2.0.aca
— Number of runs: 251
— Number of variables: 12550

— Read all variables

e On Perimutter directly from files: 9.2s
e On Perlimutter from portals.nersc.gov: 32s

« From my computer at home from
portals.nersc.gov (TN): 47s

o All campaigns

- Read all campaigns to create a 2D table for
training the DivControlNN surrogate model

o On Perimutter: 42-83 minutes depending on file
system responsivity

OAK RIDGE

National Laboratory

If data exists
fetch from storage




ModCon project @ Genesis Mission

'IIIIIIIIIIIIIIII-..
*

.F

e Detect drift

— Multi-modal data
— Provenance

Drift has been detected

Monitor data and

v

'...-.....-.l---.-.-....l-l'---.-.-.*
- ™

model output

‘--IIIIIIIIIIIIIIIIIIII----I----II-IIIIIIIIIIIIIIII-----IIIIIIIIIII..

¥

Reasoning model

M Foundation

l > model
Hypothesis inference

'.IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIllllll"

'."IIIIIIII'IIIIIIIII".I

*

OAK RIDGE
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Continual learning

Start ensemble
simulations

Uncertainty
propagation

M e r r r r l R N I T R N Ny Iy Y

If data exists
fetch from storage
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Contents lists available at ScienceDirect SOURNUAL OF
NUCLEAR MATERIALS

Demo agentic framework |

Journal of Nuclear Materials

journal homepage: www.elsevier.com/locate/jnucmat

1.2 GB based on over 500 DFT simulations
and 2 million downloaded entries Stability of UsSi4 phase in U-Si system: Crystal structure prediction m

and phonon properties using first-principles calculations | S

D.A. Lopes”, V. Kocevski, T.L. Wilson, E.E. Moore, T.M. Besmann

Nuclear Engineering Program, Department of Mechanical Engineering, University of South Carolina, Columbia, SC, 29209, USA

ARTICLE INFO ABSTRACT
Article history: U-Si systems have recently received considerable attention due to the potential application of U;Si; as a
Received 30 May 2018 high-density fuel under an accident tolerant fuel initiative, However, the thermodynamic stability of the

Received in revised form
6 August 2018
Accepted 13 August 2018

more recently reported adjacent UsSiy phase is uncertain and could play a significant role in fuel per-
formance. In this work, the enthalpy of formation of the phase predicted by density functional theory
Available online 14 August 2018 (DFT) using the DFT + U formalism is used with an evolutionary algorithm (USPEX) to evaluate stability
%OA K RIDGE and possible atomic structures for UsSiy. The structure of U-Si convex hull phases and the confirmed
{ nal Labor: tory U3512 structure were pred1cted pr0v1dmg confidence in the reliability of the evolutionary algorithm, as

d - } & ToMsm as mbasie o comere LW el oo o *“le enthalpies of formation. Subsequently, the code was

r I t J ' ‘;\I l]: I ‘ 18 and 36 atoms, predicting a 36-atom hexagonal sym-

0.6 X 3 1s the lowest-energy configuration, agreeing with that

calculations using the density functional perturbation
ed structure is dynamically unstable, exhibiting negative
0.4 ated that generated shears are directed toward the for-
alogous to those occupied by carbon atoms in UpSi16Cs.

phase from assessed U-Si phase equilibria is currently

0.4

€
=
g 0.2 02 © 2018 Elsevier B.V. All rights reserved.
2,
=
£ 00 - 0.0
(W]
£
S
= -0.21 --0.2
o
Y
© 044 --0.4
-
= 8 o U,Si

-0.6 1 UgSig ~ UsSh2 L-0.6

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Reproduce the findings
Of a fISSIon pa per Fig. 2. Convex hull for the U-Si phase space obtained from variable-composition

USPEX calculations mode in (enthalpies relative to Si-diamond and «-U, with
OA-K RIDGE Uegr=1.5eV), for 2500 structure optimizations.

Composition ratio: Si/Si+U

National Laboratory




MCP tools

AERIS ENTHALPY

> Find structfure candidates for UO2 that could be stable
1. Check the datasets for UO2

2. If no structure found, generate candidate templates for UO2

3. For each candidate predict the enthalpy
4. Choose top structures with the lowest
predicted enthalpy and print them

- Reasoning models

MCP tool

MCP tool

MCP tool

Search in datasets

Looks in all available
datasets for a given
composition sfructure

Generate candidates

Finds candidate
structures for a given
composition

Predict enthalpy

Uses models to
predict enthalpy for
comp with struct

Detect drift

For a given
comp/structure and
a given model

Continual Learning

Trigger a training
loop over new and
previous datasets

Plot enthalpy

Plot predicted and
existing enthalpy for
a given comp/struct

OAK RIDGE

National Laboratory




Discovering new materials

FASTILCA

e Original study e Reasoning model

- 6 month - One week
— 500+ DFT simulations — Dirift detected <10
ran fimes
. o) 3 FiNd the best structures for compositions
— Over 10k node hours — Training 1 node hour B Corelining Uene §
— Total < Tk node hours L > In order fo do this create compositions
e with ratios of Si/Si+U from 0.01 to 0.99
Multi-Method Ensemble: RF Hull vs DFT with a step of 0.01
05 s @ Best (combined) e or ex
0.1 — RF Hul » For each composition, find structures
~ 049 04 05 . and their enthalpy in datasets. If no
§ ] 0.0 structure exists, generate template
3 02 0.2 [ 0.0 structures and predict the enthalpy for
o -0.1 ) each template
-% 0.0 4 K 0.0 = -—0.5§
= g -02 g » Return the 100 entries with lowest
£ 02+ ro2 3 . i —1-0*_% enthalpy per atom
§-o.4— ‘ L o4 r —1-5%’, » Use available tools to find structures,
5 8 o " USi -04 2 generate templates and predict
-0.6 - UgSig 6>h2 L-0.6 =20 enthalpy
ofo ofz of4 ofe ofs 1?0 -0.5
Composition ratio: Si/Si+U 06 Raw
Fig. 2. Convex hull for the U-Si phase space obtained from variable-composition . . ; . ; . L1l _3p
USPEX calculations mode in (enthalpies relative to Si-diamond and o-U, with 0.0 0.2 0.4 0.6 0.8 1.0

U= 1.5eV), for 2500 struct timizations. R
il BESIEeER Si/(Si+U)




Conclusion

« Co-design between CS and m
RS

m « Reasoning models

« Documentation

« Metadata management
« Schemas

« Federated access

domain scientists

« Provenance tracking to
detect successes and fails

Trustable

Composable

« Plug and play solutions are
needed O
« MCP tools D}D
« Dynamic behavior =
« Performance monitoring

OAK RIDGE

National Laboratory
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