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Overview




We Need Detailed & Robust System Models

Many tuning problems require detailed beam phase space
customization for different experiments
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Focusing magnets
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* Nonlinear, high-dimensional optimization/control problem with incomplete information

* Digital twins and virtual accelerators can provide insight

* Infrastructure is a challenge R
* Reliable model adaptation methods are key for putting online models to use operationally % 52
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- Example of statistical distribution shift over time in a small test accelerator highlights the need
TN for adaptive tuning/continuous online learning and more generalizable modeling methods.



Nomenclature
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Combining and Deploying Models is Challenging

“Simulators” Python wrappers IOC serving (i.e. EPICS)

LUME-Impact,
PyTao, ad-hoc

Beam dynamics
codes

Analytical
calculations

Surrogate
models

\ 4

LUME-Torch

-

/

\ Implementation barriers (custom/ad hoc

implementations per use case)

IOC read/write

- Need a workflow that is accessible inside of
optimization software and online controls
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LUME for Virtual Accelerator and
Digital Twin Implementations




A Unified and Standardized APl with LUME

M LUME-pva serves EPICS PVs

Simulator 1 LUME-Model Python interface

Simulator 2

Simulator 3

I

I Standardized LUME-Model API |IOC Interface
Simulator API (dicts, IOC names / units) (EPICS, DOOCS, Tango, ...)

(LUME-Impact, PyTao)
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Standard Interface for VA models and Digital Twins

LUME-Base
- LUMEModel

set
Set control variables by name

and run the sim/model, then
update the model’s state

get
Read back model state by
variable name

reset
Restore model to initial state

supported variables

Dictionary of named variables
that the model supports

any simulator
can implement
this contract

Utilized by 10C server (e.g.
LUME-pva) to create PVs -
can be extended to other
control system types

github.com/slaclab/lume-base/blob/main/docs/examples/lume_model.ipynb
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LUME Package Structure
LUME-Base EPICS PV serving

Simulator agnostic - LUMEModel m

Facility agnostic LUME-Cheetah
LumeCheetahModel(LumeModel)

LUME-Impact

tumelmpactiodehametdodel LUMLEU_LZI:Iggrch Model(LumeModel)

LUME-Bmad
LumeBmadModel(LumeModel)

Facility specific
CUlnjector HXR Undulator

github.com/slaclab/lume-base
github.com/lume-science
github.com/slaclab/virtual-accelerator

LCLSCuHxrModel(StagedModel)
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Staged Model Example: ML Surrogate with Physics Simulation

injector_surrogate = InjectorSurrogate() LUMETorchModel LUMEBmadModel

cu_hxr_bmad_model = get_cu_hxr_bmad_model() (PYTOFCh) (PyTao)

staged_model = StagedModel([injector_surrogate, cu_hxr_bmad_model]) \ : : {
ParticleGroupVariable

Read screen

Set PV in injector NN surrogate Quad PVNE BV i
injector .
1 surrogate Cul njector CULinac Bmad sim

staged_model.set ({SCAN_QUAD_PV: quad_value})
LCLSCuHxrModel(StagedModel)

image = staged_model.get(OTR_IMAGE_PV)

T BCTRL (kG) -5.0 -2.5 0.0 2.5 .
Read screen PV in linac Bmad sim . . .
0
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Virtual Accelerator and Digital Twin Implementations

Virtual accelerator in Python

Python instance

Python
User < Simulator

Digital twin in container

Machlne
snapshot

Container instance

User EPICS Simulator

Virtual accelerator in container

Container instance

EPICS .
User Simulator

Digital twin in global server

Machine
snapshot

/

Visualization

Simulator
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Badger Environment Testing / Continuous Integration

Use VA to perform nightly testing / validation of code used to interact with the machine

Badger GUI LCLS Badger Environment Nightly testing workflow
[ class
b -
— > .
Class instance Testing report
EPICS .
EPICS .
not available for
software testing
gn L1X Simulator
: : XTCAV
L1S{ L2-linac L3-linac \
BClosomev BC243Gev  14Gev  undulator
LCLS Machine LCLS Virtual Accelerator
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VA for Model Calibration / Phase Space Measurement

Black-box (Impact / Bmad) and differentiable simulators (Cheetah, surrogates) can be used inside VAs to perform
model calibration, phase space reconstruction

Improved VA
Experimental measurements

Ex: LCLS-1I DIAGO beamline
- %e*EH 'WH %J_L = E_""'- .'d:

LUME-Model

Simulator

Loss
function

Machine state

Reconstructed beam
distribution

Al

Update internal simulat ,‘E&’ﬂ
paate internal simulator = —
i 4T

=LA

Post-optimization
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Digital Twin Live Deployment

Live monitoring

Model cuhxrbmad V| (@ info

Screen | OTR3 v|  Poll period (s) Image scale [ robust v) Show: @ o, @0, @o. Be. Be., 3, 8,

Digital twin in global server

/

Visualization

Continuously updating LUME-Model state from live PV
snapshots
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Interactive VA Mode from Live State

Interactive offline changes

Model cuhxrbmad v| @ info

Screen OTR4 V| |magescale robust v Show: @ o, @Bo, @o. ®@ec.. @Be, @5 @5,  Applycurrent machine values  Scan Quad

e Offline Monitor [UELE]

Digital twin in container

Container instance

User q—Eﬂ) Simulator

User can play around with LUME-Model PV inputs,
starting from machine state

“ +Q B png Vv
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Surrogate Model Deployment and Lifecycle
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Digital Twin Deployment of Surrogate Models

&

PyTorch
Surrogate
Maodel

v

LUME-Torch
Templates

(¥}
I
)

Interactive W ﬁﬁ e
Live
PWs
Live EPICS
Py

User can trigger retraining

github.com/slaclab/inference-service
github.com/slaclab/lume-model-deployment-template
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Digital Twin Deployment of Surrogate Models

a & docker

= T . ) ‘
P'fTur::h T ﬁgw : Runs our software ampwhers
Surrogate =~ ———= Model Regist - ¢
MDdEl i odel kegistry . Templating, deployment

e specs, container builds and
‘ l cantainer registry
i S Interactive VA i
4 o Inference Service -

O

LUME-Torch
Templates

@ docker

Argo tools to run warkflows
and do GitOps

=)

Live kubernetes

Keeps our
PVs soltwarefcontainers running

gg Live EPICS mifiow
PVs Madel versioning, artifact
storing, tracking training

metrics

@ FastaP
REST API industry standard
for serving ML models

K2eg: Integration betwaen
User can trigger retraining EPICS and data processing
pipelines using Apache Kafka

github.com/slaclab/k2eg-python

Ay github.com/slaclab/inference-service
github.com/slaclab/lume-model-deployment-template
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Continual Learning: Drift Monitor Implementation

One time setup - N
- -
-
Initialize -7
ni .
- Pretrained model e Long running poll loop No lelft
- Monitor and training / - Sleep til next poll
configs ‘
I Poll latest
1 1 o
window » Drift Detector
\4 : Efz/;clzaftrgm archiver (.., ADWIN)
- Log metrics to MLflow .
Warm start A Drift
- Fetch N historical - Retrain based on config
windows as seed \ - Checkpoint and update
\ model in loop
* N
N
~
~
~
~ ~
~ ~
Update Log retrained
inference model
service with <4— - Nested MLflow run
- Metrics + plots
latest model - Register new model
(GitOps) version

SLAC github.com/Al-ModCon/BaseSIM _APEIRON 19
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Continual Learning Demo for FEL Surrogate on Historical Data

» Measurement )
= Moving Mean G Dete
® Model Prediction

Making progress on improving
FEL model accuracy alongside

CL workflow development APEIRON keeps the model

synced with data during regime

changes

1 A

=/  Demo code: github.com/Al-ModCon/BaseSIM_APEIRON/tree/slac-fel

wn

MSE

0.2

0.1

0.05

APEIRON
gish AmSC
500 1000 1500
Step

All drift monitoring and training metrics
are logged to AmSC MLflow
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Summary and Next Steps
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Overcoming Challenges to Enable DT & VA Integrations at Particle Accelerators

XTCAV

undulator

14 GeV

L3-linac

BCly50 Mev B2 4.3 Gev

7
Model Prediction Displays Model Output Predictions (e.g. beam imqges, scalars)

Measured Input Data Data High-fidelity Physics
(accelerator settings, JENESIEN Simulations
input diagnostics)

EPICS | S | RO

ntrol
Contro Measured Output Data Data

(scalars, images processing

describing the beam) Online Optimization

and Characterization Tools

Active Learning +
Efficient Exploration

———

Changes in Accelerator Settings

Online Control GUI

—
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e —
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HPC cluster LUME-Model, a unified and
[eig, SDEGESLAC, standard API, makes
NERSC at LBNL) .

simulators seamlessly
accessible inside optimization
software and live control
systems

Cluster Compute
(CPU,GPU)

! Reproducible and
Archives ; maintainable fully automated
(Measurements, g4 workflow for surrogate model
Predictions, and I deployment integrated with a
Models) continual learning workflow
for drift monitoring

— o
N - ———

Advanced modeling/control R&D goals and operational deployment vision coming together 22



Next Steps

Short Term Long Term

* Continuing to improve LCLS virtual accelerators * Calibration/training support in LUME-Torch
and deploying on-demand VA service at SLAC

Infrastructure for continual calibration of system
* Expanding LCLS staged model to include FEL models/sim2real workflow
surrogate model after Bmad linac stage

Operator training/adoption of tools
* Expand VA capabilities in terms of the underlying .
physics sims (variables/physical processes)

Linking system models to Osprey Agentic
workflow (github.com/als-apg/osprey)

Adoption of MLDP (ML Data Platform): enables

* General improvements to accuracy of surrogate

models metadata tagging for easier integration with
* Improvements on drift monitoring and training CL/training workflows
workflows

» github.com/osprey-dcs/data-platform

* doi: 10.18429/JACoW-ICALEPCS2025-
WEPDOQO83

SLAC 23


https://github.com/als-apg/osprey
https://github.com/als-apg/osprey
https://github.com/als-apg/osprey
https://github.com/osprey-dcs/data-platform
https://github.com/osprey-dcs/data-platform
https://github.com/osprey-dcs/data-platform
https://github.com/osprey-dcs/data-platform
https://github.com/osprey-dcs/data-platform
https://github.com/osprey-dcs/data-platform
https://inspirehep.net/files/b26f974b436ccbe765d0b45100280733
https://inspirehep.net/files/b26f974b436ccbe765d0b45100280733
https://inspirehep.net/files/b26f974b436ccbe765d0b45100280733
https://inspirehep.net/files/b26f974b436ccbe765d0b45100280733
https://inspirehep.net/files/b26f974b436ccbe765d0b45100280733
https://inspirehep.net/files/b26f974b436ccbe765d0b45100280733

Thank you and resources

Thanks to our amazing colleagues

Gopika Bhardwaj, Ryan Roussel, Ernest Williams,
Claudio Bisegni, Jeremy Lorelli, Jingchen Zhou, Auralee
Edelen, Chris Garnier, Micha Okun, Hans Thorsten
Schwander

And to our collaborators for many useful discussions:

Remi Lehe (LBNL), Revathi Jambunathan (LBNL), and
Mat Leputa (ISIS)
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Resources

LUME Resources
* Tech paper https://arxiv.org/html/2606.07250v1

* https://github.com/lume-science

* https://github.com/slaclab/lume-base
SLAC VA Implementations

* https://github.com/slaclab/virtual-accelerator

Surrogate Templates and Inference Repos

* https://github.com/slaclab/lume-model-
deployment-template

* https://github.com/slaclab/inference-service

Continual Learning in collaboration with Modcon

* https://github.com/Al-
ModCon/BaseSIM APEIRON/tree/slac-fel
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